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INTRODUCTION 

 

1.1 Ischemic stroke 

 

Ischemic stroke is the most prevalent cause of disability and the second leading cause of 

death, responsible for approximately 11% of all deaths worldwide in adult (Katan, et. al., 

2018). It is clinically defined as a syndrome of acute focal neurological deficits caused 

by supplied arterial occlusion of the central nervous system. A wide range of risk factors 

may cause arterial occlusion (Murphy et al., 2020). Lumen-narrowing arteriosclerosis, 

cardioembolism, and arterio-arterial thromboembolism can trigger ischemic stroke. In 

particular, the obstruction of large arteries, such as the internal carotid and middle cerebral 

arteries, is associated with large brain infarcts. Due to the disruption of blood flow to the 

affected area, the delivery of oxygen and metabolic substrates to neurons is limited, which 

causes a reduction in ATP and energy-rich metabolites. These, in turn, lead to a series of 

alterations in ischemic brain tissue, such as ionic imbalance, mitochondrial dysfunction, 

blood-brain barrier (BBB) dysfunction, neuroinflammation, and neuronal death. The 

degree of tissue injury acquired physical disability and mortality depends on the 

restoration of central blood flow (Sims and Muyderman, 2010) (Kuriakose et al., 2020). 

Hence, the restoration of blood flow plays an essential role in stroke recovery. 

 

1.2 Restoration of blood-flow 

 

The cerebral vasculature provides oxygen and nutrients to the brain. Although the cause 

of stroke is vascular, its consequences are parenchymal. Restoration of blood flow by 

thrombolysis or thrombectomy is the only efficacious option for saving life and 

preventing long-lasting disabilities. During acute flow obstruction, the core region of the 

stroke suffers from ischemia; however, some tissue is sustained by collateral flow through 

pre-existing anastomoses. Therefore, collateral flow recruitment plays a critical role in 

the non-interventional treatment of stroke (Liu et al., 2014). Clinical evidence suggests 

that the collateral status is an independent predictor of the outcome and response to 
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recanalization therapies in patients experiencing ischemic stroke (Menon et al., 2011, 

Miteff et al., 2009) 

Arteriogenesis refers to the remodeling (specifically, an increase in the diameter) of pre-

existing collateral arteries attributed to mechanical forces (elevated pressure) secondary 

to the supply artery's occlusion. Angiogenesis is a physiological process due to the 

insufficient local supply of oxygen and hypoxic tissues that upregulate the expression of 

proangiogenic growth factors (Scholz et al., 2001). New vessels, such as sprouts or 

offshoots of the pre-existing microvasculature, are induced within 4 to 7 days after 

cerebral ischemia at the border of the ischemic core and its periphery (Kanazawa et al., 

2017). These sprouts are thought to extend until they connect with other sprouts or 

capillaries and are finally converted into new blood vessels. Both arteriogenesis and 

angiogenesis increase the collateral flow, providing blood and nutrients to the affected 

area, which improves the recovery from stroke. 

 

1.3 Animal stroke models 

 

Intraluminal transient middle cerebral artery occlusion (tMCAO) is widely considered a 

suitable model for mimicking human ischemic stroke. The rat model was developed by 

Koizumi in 1986 (Koizumi, 1986). It has been widely used to clarify mechanisms of brain 

injury and recovery from ischemic stroke, as well as to explore potential therapies. The 

technique was modified further to take advantage of transgenic and knockout strains (Fujii 

et al., 1997). Further improvements in the model include alterations in the size, shape, 

and entry points of the monofilament used for vascular occlusion. Although the entry 

points may differ between techniques, the monofilament is advanced to the offspring of 

the middle cerebral artery (MCA) from the circle of Willis, thereby blocking the blood 

flow to the MCA. Stroke severity is regulated by varying the reperfusion intervals 

following monofilament-mediated MCA blockage. The reperfusion interval used in the 

studies shown below varies from 20 minutes to 40 minutes (Fig. 1). 
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Figure 1. Schematic illustration of the intraluminal tMCAO model.  

Depiction of typical lesion size following 20 and 40 minutes of occlusion in the proximal 

MCAO model. MCAO: middle cerebral artery occlusion; CCA: common carotid artery; 

ECA: external carotid artery; ICA: internal carotid artery; PPA: pterygopalatine artery; 

ACA: anterior cerebral artery; MCA: middle cerebral artery. 

 

1.4 Light-sheet microscopy and imaging 

 

Imaging enables quantification of the number and length of blood vessels, evaluation of 

the blood flow, and measurement of the sizes of the anatomical structures (McDonald et 

al., 2003). Triphenyl tetrazolium chloride (TTC) and cresyl violet staining are routinely 

used to determine the area and volume of a cerebral infarct, and microscopic techniques, 

such as fluorescence, confocal, multiphoton, and electron microscopic imaging, are used 

to elucidate the structures of blood vessels and other tissues. These methods mainly rely 

on histological tissue sections, which are enhanced with immunohistochemical staining 

of endothelial cell markers. The appearance of blood vessels and other tissues in the 

histological sections is greatly influenced by the section thickness. Even thicker sections 

contain only parts of the vascular network and other tissues, and the three-dimensional 
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(3D) architecture and functionality of vessels cannot be adequately considered (Kiessling 

et al., 2010). Confocal fluorescence microscopy can provide 3D images, but only for 

stacks of less than 500 nm in thickness. Light-sheet fluorescence microscopy (LSFM) 

enables the user to perform more practical 3D-imaging. 

Siedentopf and Zsigmondy first used light-sheet microscopy for the visualization of small 

colloidal particles (Siedentopf et al., 1902). For illumination of a well-defined volume, 

they created a sheet of light by using lenses, aperture stops, and microscope objectives 

(Keller et al., 2012). However, lasers were not available at that time. In recent years, 

LSFM was adapted for imaging of biological specimens, e.g., the adult mouse brain 

(Pampaloni et al., 2015). This version of LSFM consists of detection apparatus, such as a 

modern charge-coupled device or complementary metal-oxide-semiconductor camera, as 

well as an illuminator, specimen chamber, and computer-controlled motorized 

micropositioners for specimen movement. These components enable the imaging of 

thicker tissues with an excellent dynamic range, high quality, and high sensitivity (Santi, 

2011; Pampaloni et al., 2015). LSFM incorporates excitation and detection paths. The 

excitation path is perpendicular to the detection path, and a laser light sheet is directed 

such that it illuminates a thin slice of the sample. The light sheet is moved through the 

specimen, and images are recorded in different planes along the optical axis of the 

detection lens; the images are 3D-reconstructed with computer software (Stelzer, 2015). 

LSFM is a very efficient method for the 3D-reconstruction of tissue structures without 

serial sectioning, although the quality depends on the transparency of the sample 

(Conchello et al. 2005). Many tissue clearing methods have been developed to achieve 

tissue transparency. For vessel staining and LSFM, these methods are aqueous- or solvent-

based and are vastly beneficial to the study of mouse and human vasculature (Qi et al., 

2019). 

 

1.5 Vessel staining 

 

The microvasculature plays a crucial role in maintaining tissue homeostasis, for instance, 

by modulating oxygen transport and nutrient delivery. Structural changes to the 

microvasculature are related to numerous diseases, e.g., microangiopathy and stroke 
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(Pantoni). In addition, the microvasculature is recognized as one of the most promising 

routes of drug delivery for direct targeting of microvascular endothelial cells. However, 

first of all, the substance must pass through the BBB by passive and active transport. The 

main passive pathway is through free diffusion for lipid-soluble molecules and low 

molecules with masses below 400-600 Da (Pardridge et al., 1999). The active transport 

system of cells is mostly via carrier-mediated transport, receptor-mediated transport, or 

absorptive-mediated transport (Pardridge et al., 2001). Drugs mainly traverse the BBB 

via active transport to reach the endothelial cells. Thus, research focused on microvascular 

structures is vital. The classical method of studying the microvasculature involves 

labeling of cell types, distinct marking of unique basement-membrane constituents, or 

intravascular injection of a dye, followed by high-resolution imaging. An example is 

lectin staining, labeling the blood vessels with superfused IB4; however, this method also 

labels pericytes and macrophages. With CD31, the endothelial cells are labeled, as well 

as platelets and T cells, and, with vWf, the endothelial cells are labeled along with 

megakaryocytes. Thus, all classical immunological methods of studying 

microvasculature have downsides, as one cannot be certain of the cell type that is 

immunostained (Allinson et al., 2012; (Corliss et al., 2019). In this context, we utilized a 

straightforward method for the labeling and imaging of vessels with LSFM, combining 

3D solvent-based clearing with the systemic injection of a gelatin hydrogel containing 

fluorescein isothiocyanate (FITC)-conjugated albumin (Tsai et al., 2009, Ertürk et al., 

2012). 

 

1.6 Optical tissue clearing  

 

Scientists have long realized that thicker sections are more difficult to image because a 

higher tissue volume causes the light scatter to become obscured. Incident light that passes 

through a material is refracted by its interaction with many molecules, extracellular fluid, 

and electrons. The refractive index changes at the interface between two materials, which 

is why a heterogeneous substance has a milky appearance. The goal of tissue clearing is 

not to prevent scattering (which is only possible in a vacuum) but to assure a highly 

uniform density within the tissue, allowing all wavelengths of light to pass through the 

tissue (Richardson and Lichtman, 2015). Numerous tissue clearing methods have been 
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developed to address light scattering in tissues and improve high-resolution image 

acquisition. Two of the most common clearing methods include solvent-based clearing 

and emerging aqueous-based techniques. Aqueous-based clearing is an approach in which 

the sample is immersed in an aqueous solution with a refractive index between 1.44 - 1.52, 

matching the average RI of most tissues. The advantage of this method is that it preserves 

lipids and is therefore compatible with lipid staining. However, the disadvantage is that it 

is not very effective for large samples, for example, the entire mouse brain. Solvent-based 

clearing materials are composed of tissue dehydrating solutions, such as tetrahydrofuran 

(THF) and refractive index-matching solutions, e.g., ethyl cinnamate (ECi) or dibenzyl 

ether (DBE) (Merz et al., 2019; Lugo-Hernandez et al., 2017). THF removes water and 

solvates some of the lipids, which results in relatively homogenous tissue, and ECi or 

DBE solvates additional lipids to match the higher refractive index of the defatted and 

dehydrated tissue (Richardson and Lichtman, 2015). However, both approaches have 

certain drawbacks. Solvent-based clearing yields sufficient transparency of the mouse 

brain but can cause rapid quenching of endogenous fluorescence (Jing et al., 2018, Ertürk 

et al., 2012). In contrast, aqueous-based clearing requires long incubation steps and often 

yields insufficient transparency (Susaki et al., 2014, Lai et al., 2018). 

 

1.7 Therapeutic strategies for the treatment of stroke and post-stroke 

inflammation 

 

Ischemic stroke is the leading cause of long-term disability, imposing an economic burden 

on society (Benjamin et al., 2019, Johnson et al., 2016). Therapeutic options are limited 

to thrombolysis and thrombectomy. Currently, ischemic stroke is treated with 

thrombolytic agents, such as recombinant tissue plasminogen activator (rt-PA), or with 

surgical thrombectomy to mechanically remove the clot (thrombus) (Prabhakaran et al., 

2015). Existing evidence suggests that the benefits of rt-PA therapy outweigh the risks for 

patients who present within 4.5 hours of stroke onset. The first randomized clinical trial 

evaluated 624 patients with ischemic stroke who presented within 3 hours of symptom 

onset. Patients receiving intravenous rt-PA had a 16% absolute increase in favorable 

outcomes over 3 months compared to placebo (National Institute of Neurological 
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Disorders, Stroke rt-PA Stroke Study Group 1995). Other thrombolysis has been 

administered for acute ischemic stroke, such as intra-arterial recombinant prourokinase. 

Subsequent studies confirmed this action, and the therapeutic window could be extended 

to 4.5 hours, which is largely still valid today (Hacke et al., 2008).In the other hand, the 

FDA has approved several mechanical thrombectomy devices based on technical efficacy 

and safety that were shown in randomized controlled clinical trials (Nogueira et al., 2012, 

Saver et al., 2012, Smith et al., 2008, Smith et al., 2005). However, the treatment requires 

advanced equipment, experienced surgeons, and generates high costs, making it difficult 

to implement it in low income countries. Many neuroprotective drugs have been studied 

in the delayed phase of stroke, yet none of those that proceeded to clinical trials have been 

efficacious in humans. Thus, scientists have been continuously exploring treatments, with 

inflammation currently being considered an important target for the development of 

stroke therapies. 

Post-ischemic inflammation is a crucial process in the progression of brain ischemia-

reperfusion injury, which can seriously affect stroke-related outcomes(Stoll and 

Nieswandt, 2019). The occlusion of blood vessels, derived from thrombosis and 

embolisms, induces hypoxia and glucose deprivation in brain tissue. The resulting 

ischemia causes oxidative stress by releasing, reactive oxygen species (ROS) and reactive 

nitrogen species (RNS). Together with proteinases, they alter the permeability and 

enhance the breakdown of the BBB (Yoshimura et al., 2012, Rodrigo et al., 2013). Brain 

cells, including astrocytes, oligodendrocytes, and microglia cells, produce many 

chemokines, which attract monocytes, macrophages, neutrophils, and other immune cells 

to infiltrate the ischemic tissue when the BBB is broken. T lymphocytes specifically act 

as injury mediators after a stroke (Schroeter et al., 1994). The concentration of T 

lymphocytes close to the affected vessels peaks around day 3 after ischemia, consisting 

of CD4+ helper T lymphocytes, CD8+ cytotoxic T lymphocytes, and γδ T lymphocytes. 

These cells produce inflammatory cytokines, such as IL-1ß, TNF-α, IL-23, INF-γ, IL-4, 

and IL-12, which enlarge the infarct area and increase the chance of brain injury. However, 

IL-4 and IL-10 may attenuate ischemic damage and promote tissue repair based on a study 

by Xiong, et al. (Xiong, et al. 2011). INF-γ is considered neurotoxic as it directly induces 

neuronal cell apoptosis in vitro (Lambertsen et al., 2004). Other cytokines derived from 

T lymphocytes are also thought to act as neurotoxic effectors, as T lymphocyte-deficient 
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mice had a statistically significant reduction in infarct volume compared to wild-type 

mice; the same was not true of B lymphocyte-deficient mice (Yilmaz et al., 2006). 

Moreover, modifying immune response enhances post ischemic tissue survival and 

neurological outcomes (Lambertsen et al., 2019, Green et al., 2006). 

 

1.8 FTY720 

 

Fingolimod (FTY720) is a small molecule immunomodulator, which is used for treatment 

of multiple sclerosis. It is a structural analog of sphingosine and is phosphorylated by 

sphingosine kinases in the cell (Paugh et al., 2003). Unlike other immunosuppressive 

agents, which inhibit T cell activation and proliferation, phospho-FTY720 induces the 

internalization of sphingosine-1-phosphate (S1P) receptors, which sequesters 

lymphocytes from the circulation to secondary lymph-tissue compartments and 

concomitantly impedes the recirculation of effector T lymphocytes to the inflamed tissue 

(Pinschewer et al., 2000; Chiba et al., 1998). FTY720 treatment reduces ischemic brain 

injury by preventing the egress of lymphocytes from the lymphoid organs, thereby 

reducing the infiltration of T lymphocytes in the post-ischemic brain and attenuating 

adaptive immune responses (Kraft et al., 2013) (Fig. 2). 
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Figure 2. The recruitment of immune cells to the injury site, as modulated by 

FTY720 after ischemic stroke.  

Post-ischemic ROS, RNS, and chemokines released from dying brain cells regulate the 

permeability of the BBB and break the tight junction. Thereafter, immune cells infiltrate 

into the ischemic region via the BBB and release multiple inflammatory mediators. These 

include cytokines derived from T lymphocytes, and act as neurotoxic effectors, injuring 

brain cells and increasing infarct volume. However, FTY720 can trap T lymphocytes in 

the lymph nodes, resulting in a decrease of infarct volume. BBB: blood-brain barrier; 

FTY720: fingolimod; RNS: reactive nitrogen species; ROS: reactive oxygen species. 
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AIM OF THE STUDY 

 

Microvascular remodeling, including angiogenesis, has profound implications for the 

brain recovery after an ischemic stroke (Hermann and Chopp, 2012). Although FTY720 

is primarily used in the treatment of multiple sclerosis, it has recently been reported to 

have a protective effect after stroke. In this study, we aimed to (1) 3-dimensionally 

reconstruct and quantify microvessels in ischemic mouse brains in a time-resolved 

manner; (2) observe the differences in microvessel remodeling following mild vs. severe 

stroke; and (3) study the effect of FTY720 treatment on the vasculature after ischemic 

stroke induced by intraluminal MCAO in mice. 
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MATERIALS AND METHODS 

 

1.9 Animals 

 

All experiments were performed with local government approval (Bezirksregierung 

Düsseldorf) and complied with the EU guidelines for the Care and Use of Laboratory 

Animals and the ARRIVE guidelines. Male C57BL/6J mice (25-30 g body weight, 10-12 

weeks old) were kept in a consistent light-dark cycle (12-h shifts) in groups of five 

animals per cage, with free access to food and water. Mice with respiratory abnormalities 

or severe motor disabilities after tMCAO resulting in weight loss > 20% were excluded 

from the study. The animal experiments was completely blinded at all stages of the study. 

Another researcher prepared vehicles and medicines for treatment. These treatments were 

allocated dummy names that were only unblinded after the termination of the study. 

 

1.10 Induction of focal cerebral ischemia 

 

Focal cerebral ischemia was induced using an intraluminal filament technique with minor 

modifications. Anesthesia was induced in the mice with 5% isoflurane (in 30% O2 and 

70% N2O) and maintained with 1.0-1.5% isoflurane. The rectal temperature was 

maintained between 36.5 and 37.0°C by using a feedback-controlled heating system. 

Buprenorphine (0.1 mg/kg, s.c.; Reckitt Benckiser, Slough, UK) was injected into the 

mice preoperatively. Laser Doppler flowmetry (Müller et al., 1994) was performed with 

a flexible probe placed above the core of MCA territory for up to 15 minutes after 

monofilament removal to confirm successful ischemia and reperfusion. An incision was 

made on the midline of the neck to expose the left common carotid artery, internal carotid 

artery (ICA), and external carotid artery (ECA) (Allinson et al., 2012). Subsequently, the 

CCA and ECA were ligated, and the ICA was temporarily clipped. A silicon-coated 

monofilament (Doccol Corp., Sharon, MA, USA) was inserted via a small incision in the 

CCA, to obstruct the MCA. Following occlusion, the LDF signal decreased. Control 

animals underwent sham surgery consisting of anesthesia and carotid artery exposure 

alone. After 20 or 40 minutes of occlusion, the filament was removed to induce 
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reperfusion, resulting in the restoration of the LDF signal. Thereafter, carprofen (4 mg/kg 

per day, s.c.; Norbrook, Newry, UK) was administered for post-operative pain relief 

during the first 3 days after surgery. The exclusion criteria were as follows: (1) prolonged 

surgery (duration > 40 or 60 minutes); (2) insufficient drop of blood flow (< 75%) after 

occlusion; (3) lack of reperfusion after monofilament withdrawal, and (4) > 20% weight 

loss and respiratory abnormalities. 

 

Table 1. Surgical materials and equipment used for induction of focal cerebral ischemia 

Materials and equipment Manufacturer 

Carl Zeiss OPMI surgical microscope Carl Zeiss, Oberkochen, Germany 

Feedback-controlled heating system Harvard Apparatus, Holliston, MA, USA 

Halsey micro needle holder  

(Manoonkitiwongsa et al. 12500-12) 
Fine Science Tools, Heidelberg, Germany 

Laser Doppler flowmetry  system 

(Müller et al., 1994) 

Perimed Instruments, Rommerskirchen, 

Germany 

Silicon-coated monofilament  

(Manoonkitiwongsa et al. 

702234PK5Re) 

Doccol, Sharon, MA, USA 

Silk suture 5-0 (Manoonkitiwongsa et al. 

K890H) 
Ethicon, Norderstedt, Germany 

Silk suture 7-0 (Manoonkitiwongsa et al. 

EH7464G) 
Ethicon, Norderstedt, Germany 

Spring scissors (Manoonkitiwongsa et 

al. 15024-10) 
Fine Science Tools, Heidelberg, Germany 

Standard scissors (Manoonkitiwongsa et 

al. 14568-12) 
Fine Science Tools, Heidelberg, Germany 

Vannas spring scissors 

(Manoonkitiwongsa et al. 15000-00) 
Fine Science Tools, Heidelberg, Germany 

Vascular clip, 9-mm long  

(Manoonkitiwongsa et al. FD562R) 
Fisher Scientific, Schwerte, Germany 
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1.11 Group allocation 

 

In total, 270 male mice were divided into five sets: set I, sham-operated mice (control, 

n=10); sets II and III, mice subjected to tMCAO (filament inserted for 20 or 40 minutes, 

respectively), fed with standard ad libitum diet which were sacrificed 3 hours, 24 hours, 

3 days, 7 days, 14 days, 28 days, or 56 days post-ischemia. 5-21 mice were involved in 

each group at each time point. Sets IV and V were subjected to tMCAO (filament inserted 

20 or 40 minutes, respectively), fed ad libitum and treated with daily intraperitoneal 

injections of vehicle or FTY720 (1 mg/kg) for 7 days or 14 days. 5-15 mice were involved 

in each group at each time point. 

 

1.12 Hydrogel preparation 

 

A hydrogel was prepared for labeling of the vasculature. In brief, phosphate-buffered 

saline (PBS) was heated to 90°C and thereafter cooled down to 60°C. Gelatin was added 

at a concentration of 2% (w/v) and allowed to cool down to 40°C with constant stirring. 

Thereafter, fluorescein isothiocyanate (FITC)-conjugated albumin was added to the 

gelatin solution at a concentration of 0.1% (w/v). The gel was filtered by using filter paper 

(GE Whatman, Dassel, Germany) and continuously stirred at 37°C to avoid excessive 

evaporation. 

 

1.13 Animal sacrifice and hydrogel perfusion 

 

Animals were deeply anesthetized with isoflurane and subjected to transcardial perfusion 

of 40 mL of heparinized (50 U/mL of heparin; Ratiopharm, Ulm, Germany) 0.01 M PBS, 

followed by perfusion of 40 mL of 4% paraformaldehyde (PFA; Merck-Millipore, 

Darmstadt, Germany) in PBS. Thereafter, in animals used for light-sheet microscopy, 10 

mL of the hydrogel was infused. The mice were immediately placed with their heads 

downward into ice water for 15 minutes. The brains of all mice were carefully removed 

and incubated in 4% PFA at 4°C overnight. 
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Table 2. Hydrogels and staining materials for microscopic imaging 

Staining Catalogue number Company 

Gelatin 9000-70-8 Sigma-Aldrich, Deisenhofen, Germany 

PBS tablets 524650 Merck-Millipore, Darmstadt, Germany 

FITC-conjugated 

albumin 
A9771 Sigma-Aldrich 

Filter paper 1213-125 GE Whatman, Dassel, Germany 

Heparin N68542.05-Z01 Ratiopharm, Ulm, Germany 

Paraformaldehyde P6148 Merck-Millipore 

 

1.14 Whole-brain clearing 

 

Samples were prepared as previously reported by Lugo-Hernandez (Lugo-Hernandez et 

al., 2017) The procedure involved two steps: dehydration and refractive-index matching. 

Brains were incubated in 20 mL of gradient THF (Sigma-Aldrich; 30%, 60%, 80%, 100%, 

and 100%) for dehydration at room temperature for 12 hours each after the overnight 

fixation in 4% PFA solution. The samples were gently moved throughout this process at 

60 rpm by using a horizontal shaker. Finally, the samples were transferred into ECi solvent 

(Sigma-Aldrich) for 12 hours with continuous agitation and stored in the solution until 

image acquisition. The entire procedure was performed in dark brown glass bottles to 

protect samples from exposure to direct light. A length correction factor of 1.318 was used 

to correct the final analysis because of the dehydration-induced reduction in brain size. 

 

1.15 LSFM and image processing 

 

Samples were imaged by using a commercial light-sheet microscope (UltraMicroscope II, 

Miltenyi Biotec, Bergisch Gladbach, Germany), consisting of ImSpector software, a 2560 

× 2160 px chip with a 6.5-µm pixel size, and a 2× 0.5 objective lens fitted with a dipping 

cap, fitted into an MVX10 zoom microscope body (Olympus Corp., Tokyo, Japan; 
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magnification range of 0.63× to 6.3×). The mouse brains were subjected to serial optical 

imaging. First, brains were mounted in a sample holder in the ventral-dorsal direction, 

and placed in a chamber filled with ECi. The FITC-conjugated albumin-labeled vessels 

were excited at 488 nm and captured at 525/50 nm band-pass emission. Autofluorescence 

was excited with a 561 nm laser and detected by using a 595/40 nm band-pass emission 

filter. 

Whole-brain scanning was used to analyze the infarct and striatum volumes, and an 

individual overview was used as a reference in the selection of regions of interest (ROIs). 

Both were acquired at a total magnification of 1.6×. In general, whole-brain 

measurements required approximately 500-600 image stacks at 10 µm step-size intervals. 

Each brain hemisphere was captured at 6.4× magnification with a 2 µm step size in the 

axial direction by using dynamic focus and the highest numerical aperture of the light-

sheet illumination for optimal axial resolution. For consistent imaging between samples, 

the first image was taken at bregma −6.24 mm, the same as for the overview image, and 

the last at bregma −5.24 mm, resulting in the acquisition of 501 images each for the 

ischemic (ipsilateral) and non-ischemic (contralateral) hemispheres. Another two image 

stacks for each hemisphere were acquired, one from bregma −2.74 mm to bregma −2.04 

mm (351 images), and the other from bregma −3.04 mm to bregma −2.44 mm (301 

images), all in the ventrodorsal direction with a 2 µm step size. 

 

 

 

 

 

 

 

 

 

 

 

 



16 
 

Table 3. Material for sample dehydration and cleaning 

Name Catalogue number Company 

Tetrahydrofuran 102116439 Sigma-Aldrich 

Ethyl cinnamate 102051821 Sigma-Aldrich 

DPBS (Dulbecco’s 

phosphate buffered saline) 
21300-058 

Gibco, Life Technologies 

Corporation 

Isoflurane 440532079 

Piramal Critical Care 

Deutschland GmbH, 

Hallbergmoos, Germany 

 

1.16 Vascular quantification of light-sheet images 

 

For detailed vascular quantification in stroke brains, two software programs (ImageJ and 

Imaris version 9.3.1 [Oxford Instruments plc, Abingdon, UK]) and Python programming 

were used. First, the open-source software, ImageJ, was used to pre-process the image 

data by applying Gaussian smoothing (sigma = 2) followed by rolling-ball background 

subtraction (radius = 20). Subsequently, a total of 4 ROIs were selected for each brain 

hemisphere in ImageJ. 

The four ROIs (RA, RB, RC, and C2) were defined from an overview image acquired at 

bregma −6.24 mm by drawing a guideline, orthogonal to the brain midline and crossing 

through the round opening at which both lateral ventricles are connected with the third 

ventricle. The point at which the guideline passed through the border between the striatum 

and adjacent cortex marked the position of the ROIs. RA, RB, and RC measured 508 × 

508 × 1000 µm at the infarct core and covered the dorsolateral pole of the striatum. RC 

was the farthest from the infarct core on the ventral side of the striatum. C2 was an ROI 

of 300 × 300 × 600 µm, located in the cortex adjacent to RB. All four ROIs were first 

selected in the ischemic hemisphere; thereafter, ROIs were selected in the corresponding 

positions in the non-ischemic hemisphere. 
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Second, a Python script, derived from the Vascular Modeling Toolkit 

(vmtkimagevesselsenhancement; VMTK: www.vmtk.org), based on a multi-scale, 

Hessian-based Frangi vesselness filter, was used to enhance the vessel contrast for the 

ROIs. Finally, the image, as processed with ImageJ and the Frangi filter, was imported 

into Imaris for analysis of dendrite length and branching points. 

The Frangi-filtered images were imported into Imaris as the first working channel to 

analyze the dendritic length and branching point above the vessel's diameter of 5 µm by 

imaris. The filament-tracing algorithm was used to calculate an automated segment-vessel 

threshold. The following parameters were selected: connective baseline segmentation, 

700-900; approximate diameter, 3 µm; and the minimal ratio of branch length to trunk 

radius, 3. Frangi vesselness filtering may cause branching point discontinuity, particularly 

for branches that originate orthogonally to the main branch. Moreover, the intensities of 

smaller vessels may be disproportionately amplified compared to those of larger vessels. 

These errors can affect the vessel-diameter analysis during filament tracing in Imaris. 

Therefore, after creating the initial filament model with Frangi-filtering, the original 

images from the Image as the final working channel were utilized to re-align against the 

channel to trace the dendritic length. Consequently, the overall statistics, including blood 

vessel diameter, total vascular length, and total vascular volume, were exported for data 

analysis (Fig. 3). 

  

http://www.vmtk.org/
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Figure 3. Analysis of ventral and dorsal brain regions.  

A. ROI was defined with a line drawn through the circular opening of the two lateral 

ventricles connected to the third ventricle. The scale bar represents 100 µm. B-C. RA and 

RB were measured at the infarct core as 508 × 508 × 1000 µm, and RC was the farthest 

location of the striatum ventral to the infarct core. C2 was a 300 × 300 × 600 µm ROI 

located in the cortex near RB. The scale bar represents 50 µm. D-E. Subsequently, the 

images were processed using ImageJ utilizing Frangi filters function. The scale bar 

represents 10 µm. F-G-H. The original ones merged with Frangi-filtered images were 

imported into Imaris as a working channel. Dendrite length and branching points were 

analyzed with a semi-manual filament tracking tool. The scale bar represents 100 µm. 
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Table 4. Equipment and analysis software for imaging 

Name Company 

Light-sheet fluorescence microscopy 

(LSFM): UltraMicroscope II 
Miltenyi Biotec 

Leica Application Suite X  
Leica Microsystems GmbH, Wetzlar, 

Germany 

ImageJ  Open-source 

Imaris software Oxford Instruments plc 

 

1.17 Brain infarct and striatum volumetric analysis 

 

Brain infarct and striatum volumes were measured by using the volume and surface tools 

in Imaris. Whole-brain images were rendered by default with maximum intensity 

projection, based on an autofluorescence signal at a wavelength of 595 nm that sharply 

distinguished brain infarct tissue from the surrounding tissue. The normal shading module 

was utilized by adjusting the minimum and maximum voxels in order to display the 

correct infarct area. Subsequent image processing was performed in the surface module. 

Briefly, the surface was created only for each ROI. Thereafter, the standard rectangle was 

adjusted for approximate selection of the infarct region, and the threshold of absolute 

intensity was adjusted accordingly. A filter was added to clean unwanted spots. Finally, 

all statistics were exported for analysis. 

The striatum volume of interest was also measured by using the surface module. The 

contour of the striatum was drawn on the corresponding single plane in the coronal 

direction, starting at the position where the two corpora callosa are connected and 

extending 1000 µm caudally. The contours were drawn for sections at 200 µm intervals, 

for a total of six sections. Finally, the surface was created, and all statistics were exported 

for analysis (Fig. 4). 
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Figure 4. Analysis of brain infarct and striatum volume. 

A. Whole-brain images were loaded in Imaris, and brain infarct tissue was clearly 

distinguished from surrounding tissues based on autofluorescence signals, and 

subsequently, infarct volumes were created and analyzed. The scale bar represents 1000 

µm. B. At first, the striatum was found in the coronal position, followed by contour lines 

drawn at 200 µm intervals up to 1000 µm, for a total of 6 contour lines outlining the 

interesting striatal volumes, after which these contours were merged using the same 

surface module, and finally, the volumes were measured, and the data were exported. The 

scale bar represents 1000 µm.  
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1.18 Statistical analysis 

 

All data values are presented as means ± standard deviation or box blots with 

median/meaninterquartile range with minimum and maximum data as whiskers. Data 

were analyzed by using a two-way analysis of variance followed by the least significant 

difference post hoc testing to determine significant differences between ischemic and non-

ischemic brain areas. P values of ≤ 0.05 were considered statistically significant. 

Statistical analysis was performed by using GraphPad Prism 7.0.0 for Windows 

(GraphPad Software, San Diego, CA, USA). 
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RESULTS 

 

1.19 Analysis of infarct volume and shrinkage of striatal volume after 

stroke 

 

This study aimed to gain an in-depth understanding of the 3D structure of cerebral blood 

vessels after mild or more severe ischemia. To this end, mice were subjected to 20- or 40-

minute MCAO, and brain blood vessels were subsequently labeled using a fluorescent 

marker. Light-sheet microscopy allowed spatial imaging of the whole brain or detailed 

imaging of blood vessels in specific stroke-affected regions in the ischemic hemisphere 

or the corresponding regions in the non-ischemic hemisphere. Furthermore, the 

autofluorescence of brain tissue was used to quantify infarct or striatal volume utilizing 

rendering of whole brain scans in Imaris software. The number of mice in each group at 

each time point was between 4 and 21. Figures 5−8 illustrate the autofluorescence signal 

in whole-brain scans of mice perfused with FITC-conjugated albumin-containing 

hydrogel after 20 minutes and 40 minutes of tMCAO. The volume or surface area of the 

infarct region was represented by high-intensity fluorescence (Fig. 5A, 7A). The 

autofluorescence signal revealed that mice subjected to 20 minutes of ischemia had 

smaller infarcts than those subjected to 40 minutes of ischemia. After 56 days, the infarct 

volume was smaller than that at 7 days (p=0.0208; Fig. 5B), whereas the reduction of the 

surface area after 56 days did not reach statistical significance (p=0.0872; Fig. 5C). The 

difference in the degree of ipsilateral striatal atrophy between mice subjected to mild and 

severe stroke is demonstrated in Figures 6A and 8A. The striatal volume of mice subjected 

to 20 minutes of ischemia shrank compared to those of naive mice after 14 (p=0.04), 28 

(p=0.02), and 56 (p=0.0005) days (Fig. 6B).  

The infarct volumes of mice subjected to 40 minutes of ischemia showed a continuous 

decrease starting from day 7 to day 14 (p<0.0001), 28 (p<0.0001), and 56 (p<0.0001; Fig. 

7B) post-stroke, whereas no infarct could be detected using autofluorescence on day 3 

post-ischemia (data not shown). The striatal volume of mice subjected to 40 minutes of 

ischemia showed a significant increase after day 3, however this volume decreased after 
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day 14 (p=0.0004), shrinking even further after day 28 (p=0.0013), and day 56 (p<0.0001) 

(Fig. 8B) compared to that of naïve mice.  

Fig. 9 illustrates the shrinkage of striatal volume over time, comparing mice with mild 

stroke and those with severe stroke. The striatal volume was expected to shrink over time 

after the stroke, with severe stroke leading to greater shrinkage. This hypothesis was able 

to be confirmed by this study. The increase of striatal volume after 3 days was presumably 

caused by tissue swelling after injury. From 14 days post-ischemia onward, the striatal 

volume decreased significantly compared to that of naïve mice. Furthermore, 

significantly more shrinkage of striatal tissue could be observed in mice with severe 

stroke when compared to those with mild stroke at 14 and 56 days. 

 

Figure 5. Infarct volumes and surface areas were calculated at 7, 14, 28, and 56 days 

after mild stroke  

A. Representative images of brain infarcts in brains at 7, 14, 28, and 56 days after 20 

minutes of ischemia in mice. Tissue autofluorescence was measured in whole brain scans 

using light-sheet fluorescence microscopy, and the infarcts were analyzed using Imaris 

volume and surface tools. The scale bars represent 1000 µm. B-C. The graphs for infarct 

volume and infarct area show that both measurements decreased clearly at 28 and 56 days 

(in B only) compared with 7 days post-ischemia.*p<0.05 (n=8-9 animals per group). ns, 

not statistically significant.  
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Figure 6. Striatal volumes after mild stroke 

A. Representative three-dimensional (3D) striatal images visualized using the surface 

module in Imaris (left: ischemic, right: non-ischemic). Autofluorescence signals were 

used in the coronal view to differentiate brain regions. Images at 3 and 24 hours post-

stroke are not presented, as the differences were not statistically significant. The scale 

bars represent 500 µm. B. Bar diagrams show the volume of the non-ischemic striatum 

(blue) and ischemic striatum (red) in mice subjected to 20 minutes of middle cerebral 

artery occlusion (MCAO), indicating a reduction of striatal volume after 14 days post-

ischemia. C. Shrinkage of striatal volume as calculated by the ratio between non-

ischemic/ischemic volume shows significant tissue shrinkage at 14 days post-ischemia. 

*p<0.05, **p<0.01, ***p<0.001 (n=8-9 animals). ns, not statistically significant. 
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Figure 7. Infarct volumes and surface areas were calculated at 7, 14, 28, and 56 days 

after severe stroke 

A. Representative LSFM images of infarcts in brains obtained 7, 14, 28, or 56 days after 

40 minutes of ischemia. Tissue autofluorescence was measured to analyze the infarcts 

using the Imaris volume and surface modules. The scale bars represent 1000 µm. B. 

Compared with day 7 after the stroke, the infarct volume decreased sharply over time. C. 

The infarct surface areas were calculated automatically by Imaris using the surface 

module, indicating the reduction at 14 days post-ischemic stroke. There was a significant 

decrease in surface area on days 28 and 56 compared to days 7 and 14, respectively. 

*p<0.05, ***p<0.001 (n=5−14 animals per group).  
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Figure 8. Striatal volumes after severe stroke  

A. 3D striatal images visualized using the surface module of Imaris (left: ischemic, right: 

non-ischemic). Autofluorescence signals of whole brains subjected to 40 minutes of 

ischemia and perfused at the indicated time points were used to differentiate brain regions. 

The scale bars represent 500 µm. B. Bar graph showing the volume of the non-ischemic 

striatum (blue) and the ischemic striatum (red), indicating a decrease in striatal volume 

14 days post-ischemia. C. Reduction in striatal volume calculated from the ratio of non-

ischemic/ischemic volume, showing significant tissue atrophy 3 days post-ischemia, but 

after 7 days, the trend was even more evident. *p<0.05, **p<0.01, ***p<0.001(n=4-21 

animals).  
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Figure 9. Volume shrinkage of the striatum 

The graph illustrates the shrinkage of murine striatal volume from day 0 until day 56 post-

stroke for both mild (red) and severe (blue) stroke. The time courses of the lines are very 

similar; after an increase in striatal volume at day 3, striatal volume is shown to reduce, 

with a more pronounced reduction in cases of severe stroke. *p<0.05, **p<0.01 (n=5-21 

animals per group), middle cerebral artery occlusion (MCAO). 

 

1.20 Vessel length in mice after mild and severe stroke 

 

MCAO blocks the blood vessels, leading to ischemia and hypoxia as well as other nutrient 

deficiencies in the associated brain region, thus causing loss of the blood vessels. In the 

present study, we also aimed to investigate, for the very first time, the detailed structure 

and characteristics of blood vessels after mild and severe ischemia using 3D LSFM. To 

achieve this, 9−12 weeks old male C57BL/6 mice were subjected to 20 or 40 minutes of 

MCAO and perfused with fluorescently labeled albumin hydrogel after 3, 7, 14, 28, or 56 

days to mark the blood vessels. In addition, naive animals or animals with mild ischemia 

were also perfused with FITC-albumin hydrogel after 3 and 24 hours, respectively. The 

brains of the animals were removed and clarified using 3-DISCO technology. 

Subsequently, the brains were subjected to high-resolution imaging of specific brain 

regions in the ischemic as well as the corresponding non-ischemic hemisphere using 

LSFM, and analyzed using the filament tool of Imaris software. For this purpose, regions 

of interest were identified within the ischemic striatum and in the cortex near the ischemia, 

with a size of 0.258 mm3 for the striatum and 0.06 mm3 for the cortex (Fig. 3).  
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Figure 10 (for figure legend see page 29) 
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Figure 10. Vessel length density and mean branch length in cerebral microvessels 

after mild stroke (Figure 10 on page 28). 

A. Representative images of microvessels from the filament model in the ischemic striata 

of male C57BL/6 mice subjected to 20 minutes of middle cerebral artery occlusion 

(MCAO) and perfused after 3, 7, 14, 28, and 56 days with FITC-conjugated albumin-

containing hydrogel for labeling of blood vessels. Microvessels of naïve mice are also 

shown. Cleared brains were scanned using LSFM, and regions of interest were analyzed 

using the Imaris filament-tracing tool. Scale bars represent 100 µm. B and C. Box-plots 

show vessel length density (VLD) of cerebral microvessels analyzed in both naïve 

animals and mice subjected to 20 minutes of MCAO followed by reperfusion for 3 or 24 

hours, and at 3, 7, 14, 28, and 56 days in the ischemic (red boxes) or non-ischemic (blue 

boxes) striatum or the adjacent cortical region. D and E. Mean branch length of 

microvessels was analyzed after the indicated time points in the striatum and cortex after 

mild ischemia. Data are box plots with medians (lines inside boxes)/means (crosses inside 

boxes) ± interquartile ranges (IQR; boxes) with minimum/maximum values as whiskers 

(n=5-15 animals per group). *p<0.05, **p<0.01, ***p<0.001.  

 

Analyses of vessel-length density (VLD) revealed that the first changes occur as early as 

3 days after mild ischemia, whereas VLD did not change at earlier time points (3 and 24 

hours) in either the striatum (Fig. 10B) or the cortex (Fig. 10C). The decreased VLD 

persists until day 14 post-ischemia in the striatum and day 7 in the cortex. At later time 

points (28 and 56 days post-ischemia), the VLD in the ischemic hemisphere was equal to 

that of the non-ischemic hemisphere. In cases of severe stroke, significant changes in 

VLD were observed in the striatum and cortex 3 days post-ischemia (Fig. 11B-C). VLD 

significantly decreased in the striatum until day 28 before it reached non-ischemic values 

at day 56 post-MCAO. However, in the cortex, a significant increase in VLD in the 

ischemic hemisphere was observed after 56 days compared to the non-ischemic cortex. 

VLD declined to a nadir 3 days post-stroke, after which it started to rise, peaking on day 

56. In both mice groups, there was no significant difference in VLD between the naïve 

state and 56 days post-stroke (p=0.7805 and 0.3742, respectively) (Fig. 10B, 11B). The 

striatal VLD increased at every indicated time point from 3 days post mild stroke, and the 

increase between days 3 and 56 was statistically significant, both for mice with mild 

(p=0.0006) and those with severe (p=0.0111) stroke (Fig. 10B, 11B).  

In addition to VLD, 3D analysis of vessels allowed, for the first time, a detailed analysis 

of single branches, including the mean branch length (Fig. 10D, 11D). Interestingly, we 

found only slight changes in the mean branch length in cases of both mild and severe 
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Figure 11 (for figure legend see page 31) 
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Figure 11. Vessel length density and mean branch length after severe stroke (Figure 

11 on page 30). 

Mice were subjected to 40 minutes of middle cerebral artery occlusion (MCAO) and 

sacrificed at the indicated time points. A. Images were analyzed as described above (Fig. 

10), and representative regions from the striatum are displayed. The ROIs were processed 

using the Imaris filament-tracing tool. The scale bar represents 100 µm. B and C. Box 

plots displaying the length density of brain microvessels analyzed in naive animals or 

mice reperfused for 3, 7, 14, 28, or 56 days after 40 minutes of MCAO in the ischemic 

(red box) or non-ischemic (blue box) striatum or adjacent cortical areas. D and E. Mean 

branch length in the striatum and cortex were analyzed after severe ischemia at the 

indicated time points. Data are box plots with medians (lines inside boxes)/means (crosses 

inside boxes) ± interquartile ranges (IQR; boxes) with minimum/maximum values as 

whiskers (n=5-15 animals per group). *p<0.05, **p<0.01, ***p<0.001.  

 

ischemia. Notably, the mean branch length was shortest in the ischemic as well as in the 

non-ischemic hemisphere after 56 days, the time point at which VLD was already 

increased after MCAO. In the cortex, the mean branch length was not altered after a mild 

stroke (Fig. 10E) but showed a slight decrease at 14 days after a severe ischemia (Fig. 

11E).  

Overall, these results suggest that VLD in the ipsilateral striatum and cortex after ischemic 

stroke is reduced compared to the corresponding contralateral region at the indicated early 

time points. However, it gradually recovers and increases, starting at 3 days after mild 

and severe stroke. In contrast, mean branch length tends to decrease over time, indicating 

that new and shorter blood vessels are formed after ischemic injury. 

 

1.21 Vessel remodeling after mild and severe stroke 

 

In addition to VLD and mean branch length, additional read-outs displaying vessel 

remodeling after stroke were analyzed. Specifically, branch density, branching point 

density, as well as the indirect calculation of branches/branching point were analyzed 

after LSFM of whole brains. Following mild stroke, the ipsilateral striatal branch and 

branching point densities did not differ during the first 24 hours (Fig. 12B, C). Three days 

after both mild and severe stroke, the ipsilateral striatal branch and branching point 

densities decreased to their lowest values (Figs. 12B, 12C, 13B, and 13C). Fifty-six days 
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post mild stroke, the ipsilateral striatal branch density and branching point density 

significantly increased compared with 3 days ( p=0.0016, p=0.0006 respectively) 

Compared to 56 days post-stroke, the densities at all referenced time points from day 3 

onward were lower. From days 3−28, the ipsilateral striatal branch and branching point 

densities of the ischemic striatum were consistently lower than those of the contralateral 

hemisphere; this condition was reversed on day 56 (Figs. 12B, 12C, 13B, and 13C). 

Although the nadirs of the ipsilateral cortical branch and branching point densities occur 

on day 3 post-mild stroke, these densities decreased at 3 hours post-ischemia compared 

with the naive group, slightly rising again at 24 hours (Fig. 12E, 12F). Despite this initial 

decrease in the ipsilateral cortical branch and branching point density, they exceeded the 

corresponding density in the contralateral cortex at day 14 post-mild stroke, which 

differed from the situation in the striatum (Fig. 12E, 12F). The changes in ipsilateral 

striatal branch and branching point densities differed after severe stroke compared to 

those after mild stroke. The nadirs of these densities in the ipsilateral cortex occurred 7 

days after severe stroke, and an increase was observed between days 28 and 56 (Fig. 13E, 

13F). Although the branching point density of the ischemic cortex exceeded that of the 

non-ischemic cortex after both mild and severe stroke, a notable rise in that of the 

ipsilateral cortex compared to the contralateral cortex at day 56 was observed only after 

severe stroke (Figs. 12E, 12F, 13E, and 13F). 

The analysis of branches/branching points revealed clear differences between non-

ischemic and ischemic hemispheres, both in the striatum and the cortex (Fig. 12D, 12G). 

Specifically, the number of branches per branching point was significantly higher in the 

ipsilateral striatum than in the contralateral striatum in the acute to subacute phase after 

MCAO and reached baseline levels on days 28 and 56 post mild stroke and on day 56 

post severe stroke (Fig 12D, 13D). Figure 12G shows that the number of 

branches/branching point in the cortex does not change consistently (Fig. 12G). 

Following severe stroke, the number of branches/branching point increased compared to 

non-ischemic striatum after 3, 7 and 14 days and is insignificantly changed after 28 and 

56 days post severe ischemia (Fig. 13D). Furthermore, an increase of branches per 

branching point can be observed in the ischemic cortex compared to non-ischemic tissue 

after severe stroke. This value consists until day 28 post-stroke (Fig. 13G). However, the 
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analysis of branches/branching point is an indirect method that does not consider the 

possible impact of disrupted or blocked vessels. Therefore, this data should be carefully 

interpreted. 

 

Figure 12 (for figure legend see page 34) 
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Figure 12. Reorganization of cerebral branches post-mild stroke (Figure 12 on page 

33) 

A. Representative images of branching points (BPs) in striatal regions in the center of the 

core region in the ipsilateral hemisphere after mild stroke processed using the Imaris 

filament-tracing tool. Branch and BP densities were calculated from the number of 

branches or BPs per mm3, whereas branches/BP was calculated as the number of branches 

per BP, respectively. The scale bars represent 100 µm. Box-plots show branch density 

(B), branching point density (C) and branches/BP (D) of cerebral microvessels analyzed 

in naïve animals or mice subjected to 20 minutes of middle cerebral artery occlusion 

(MCAO) followed by reperfusion for 3 or 24 hours, and at 3, 7, 14, 28, or 56 days in the 

ischemic (red boxes) or non-ischemic (blue boxes) striatum. branch density (E), 

branching point density (F) and branches/BP (G) of cerebral microvessels analyzed at the 

indicated time points after mild ischemia in the cortex. Data are box plots with medians 

(lines inside boxes)/means (crosses inside boxes) ± interquartile ranges (IQR; boxes) with 

minimum/maximum values as whiskers *p<0.05, **p<0.01, ***p<0.001 (n=5-15 animals 

per group). 

 

1.22 Variation in vascular tortuosity after mild and severe stroke 

 

As the VLD, branching point density, and mean vessel diameter changed after stroke, we 

subsequently studied whether the tortuosity of the vessels played a vital role during 

angiogenesis after stroke. Figure 14A represents vessel tortuosity at the indicated time 

points, with less tortuous vessels indicated toward the red end of the spectrum (an index 

close to 1) and more tortuous vessels indicated toward the blue end of the spectrum (a 

larger tortuosity index). There was no difference in tortuosity expressed as the reciprocal 

of straightness up to 56 days post-mild stroke between the non-ischemic and ischemic 

hemispheres. On day 56 after 20 minutes of MCAO, the striatal vessel tortuosity had 

slightly increased (p=0.0351) compared with that on day 7 (Fig. 14B). However, in the 

cortex, vessels were the straightest on day 3 with an increase compared with 3 days in 

tortuosity on days 14 (p=0.0039), 28 (p=0.0286), and 56 (p=0.0005) (Fig. 14C). 

Tortuosity was lower on days 3 (p=0.0048) and 7 (p=0.0093) compared to the naive group.  
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Figure 13 (for figure legend see page 36) 
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Figure 13. Reorganization of cerebral branches after severe stroke (Figure 13 on page 

35) 

A. Images of striatal regions in the core region of the ipsilateral hemisphere processed 

using the Imaris filament-tracing tool with branching points (BPs) displayed in orange. 

Scale bars represent 100 µm. Box plots show branching density (B), branch point density 

(C), and branches/BP (D) of cerebral microvessels were analyzed in naive animals or in 

mice subjected to 40-minute middle cerebral artery occlusion (MCAO) after reperfusion 

for 3, 7, 14, 28, or 56 days in the ischemic (red boxes) or nonischemic (blue boxes) 

striatum. E, F, and G Branch density (E), branch point density (F), and branches/BP (G) 

of cerebral microvessels analyzed after the indicated time points following severe 

ischemia in the ischemic cortical region. Data are box plots with medians (lines inside 

boxes)/means (crosses inside boxes) ± interquartile ranges (IQR; boxes) with 

minimum/maximum values as whiskers *p<0.05, **p<0.01, ***p<0.001 (n=5-15 animals 

per group). 

 

Fig. 15A represents the tortuosity of vessels after severe stroke. The variation in tortuosity 

following severe stroke was lower in the striatum than in the cortex. Compared to the 

naive group, there was a decrease in tortuosity on days 3 (p=0.0257) and 7 (p=0.0126), 

and the tortuosity increased on day 56 compared with those on days 3 (p=0.0029), 7 

(p=0.0009), 14 (p=0.0414), and 28 (p=0.0121) post-severe stroke (Fig. 15B). On day 7, 

the tortuosity of vessels in the ipsilateral striatum was lower than that in the contralateral 

hemisphere (Fig. 15B). However, following a severe stroke, vessel tortuosity in the cortex 

decreased to its nadir at day 7 (p=0.0020), after which it increased compared with 7 days 

at days 14 (p<0.0001), 28 (p=0.0003), and 56 (p<0.0001) (Fig. 15C). 
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Figure 14. Tortuosity of vessels in mice after mild stroke  

A. The images were processed using Imaris software. Straightness was defined by the 

filament-tracing algorithm in imaris and tortuosity was calculated by 1/striaightness. 

Scale bars represent 100 µm, and the spectrum bar represents dendrite straightness 

0.000−1.000 as displayed in imaris software. Vessels toward the blue end of the spectrum 

are infinitely tortuous, which was labeled as ∞, and those toward the red end of the 

spectrum are straighter which was labeled as 1.00 under the spectrum bar. Images 

represent striatal regions in the core region of stroke from naive brains to day 56 after 

mild stroke. B and C. Box-plots show tortuosity of cerebral microvessels analyzed in 

naïve animals or mice subjected to 20 minutes of middle cerebral artery occlusion 

(MCAO) followed by reperfusion for 3 or 24 hours, and at 3, 7, 14, 28, or 56 days in the 

ischemic (red boxes) or non-ischemic (blue boxes) striatum (B) or the adjacent cortical 

region (C) Data are box plots with medians (lines inside boxes)/means (crosses inside 

boxes) ± interquartile ranges (IQR; boxes) with minimum/maximum values as whiskers 

*p<0.05, **p<0.01, ***p<0.001 (n=5-15 animals per group).   
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Figure 15. Tortuosity of vessels in mice after severe stroke  

A. The images were processed using Imaris software. Straightness was defined by the 

filament-tracing algorithm in imaris and tortuosity was calculated by 1/striaightness. 

Scale bars represent 100 µm, and the spectrum bar represents dendrite straightness 

0.000−1.000 as displayed in imaris software. Vessels toward the blue end of the spectrum 

are infinitely tortuous, which was labeled as ∞, and those toward the red end of the 

spectrum are straighter which was labeled as 1.00 under the spectrum bar. Representative 

images of striatal regions in the core region of stroke from naive brains to day 56 after 

severe stroke. B and C. Box-plots show tortuosity of cerebral microvessels analyzed in 

naïve animals or mice subjected to 40 minutes of middle cerebral artery occlusion 

(MCAO) followed by reperfusion at 3, 7, 14, 28, or 56 days in the ischemic (red boxes) 

or non-ischemic (blue boxes) striatum (B) or the adjacent cortical region (C). Data are 

box plots with medians (lines inside boxes)/means (crosses inside boxes) ± interquartile 

ranges (IQR; boxes) with minimum/maximum values as whiskers *p<0.05, **p<0.01, 

***p<0.001 (n=5-15 animals per group).  
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1.23 hanges in infarct area and volume after FTY720 treatment 

 

To verify that the autofluorescence signal using LSFM is suitable to analyze infarct 

volumes after mild and severe ischemia, mice were treated for 7 or 14 days post-stroke 

after 20 or 40 minutes of MCAO with FTY720 starting at day 1 after surgery. This drug 

is a well-established therapeutic agent used in multiple sclerosis treatment and was 

already shown to be protective in experimental stroke treatment (Kraft, et al., 2013). 

Images were obtained with LSFM based on the tissue autofluorescence to analyze the 

surface area and volume of the infarct using the Imaris volume and surface tools as 

described above. at days 7 and 14 after mild and severe ischemia followed by daily 

treatment with 1 mg/kg FTY720 or vehicle starting on day 1 post-ischemia (Fig. 16A, 

17A). The autofluorescence signal indicated that mice treated with FTY720 following 20 

minutes of ischemia displayed a similar infarct volume and surface area at both days 7 

and 14 as mice receiving only the vehicle (Fig. 16B, 16E). However, 7 days after a severe 

stroke, mice treated with FTY720 showed a significant reduction in infarct volume 

(p=0.0012) and surface area (p=0.0008) compared to mice receiving vehicle (Fig. 17B, 

17C). However, after 14 days, only the infarct surface area was statistically decreased in 

mice treated with FTY720 compared to mice treated with vehicle (p=0.0127) (Fig. 17D), 

whereas the infarct volume showed no noticeable changes between mice treated with 

FTY720 or vehicle (p=0.1100) (Fig. 17E). 
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Figure 16. Infarct surface area and volume in mice receiving FTY720 treatment 

after 20 minutes of MCAO  

A. Representative images of brain infarct volume measurement in brains obtained 7 and 

14 days after 20 minutes of ischemia followed by vehicle or FTY720 treatment. 

Autofluorescence of tissue using light-sheet fluorescence microscopy (LSFM) was 

detected to analyze infarcts using Imaris volume and surface tools. Scale bars represent 

1000 µm. B-E. Box-plots show infarct volume and surface area analyzed in the FTY720-

treated group and vehicle animals subjected to 20 minutes of middle cerebral artery 

occlusion (MCAO) followed by reperfusion after 7 or 14 days.  *p<0.05, **p<0.01, 

***p<0.001.(n=5-10 animals per group) 



41 
 

 

Figure 17. Infarct surface area and volume in mice receiving FTY720 treatment 

after 40 minutes of MCAO  

A. Representative light-sheet fluorescence microscopy (LSFM) images of brain infarct 

volume in brains obtained 7 and 14 days after 40 minutes of ischemia in vehicle and 

FTY720 treatment groups, respectively. Autofluorescence of tissue was detected to 

analyze infarcts using Imaris volume and surface tools. The scale bar represents 1000 µm. 

B-E. Box-plots show Infarct volume and surface area analyzed in the FTY720-treated 

group and vehicle animals subjected to 40 minutes of middle cerebral artery occlusion 

(MCAO) followed by reperfusion after 7 and 14 days. *p<0.05, **p<0.01, ***p<0.001 

(n=6−14 animals per group).  
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1.24 Vascular remodeling upon treatment of mice with FTY720 

revealed by LSFM  

 

High-resolution images of FITC-albumin labeled blood vessels were obtained with LSFM 

in the striatum and adjacent cortex for analysis of angiogenesis using the Imaris filament 

tool as described above at day 7 and day 14 after mild and severe ischemia followed by 

treatment with vehicle or the S1P receptor modulator FTY720. Compared with the 

contralateral hemisphere, vessel length and BP density in the ipsilateral striatum were 

lower in both vehicle and FTY720-treated mice on day 7 after mild stroke. However, on 

day 14, VLD in the ischemic hemisphere of FTY720-treated animals was significantly 

increased compared to the vehicle group. (Fig. 18B, 18C). In the cortex, VLD density 

was similarly increased after 14 days of FTY720 treatment compared to the vehicle 

treated group, whereas BP density was not significantly altered upon FTY720 treatment 

(Fig. 18D, 18E).   

After severe stroke, vascular length and BP density were lower in the ipsilateral striatum 

in both vehicle-treated and FTY720-treated mice compared to the contralateral 

hemisphere after 7 days. However, 14 days after a severe stroke, mice receiving FTY720 

had significantly higher VLD and BP density in the ischemic hemisphere than those 

receiving vehicle treatment (Fig. 19B, 19C). In contrast, VLD and BP density in the 

cortical regions was not affected significantly by FTY720 treatment, neither at 7 nor at 

14 days post-ischemia. (Fig. 19D, 19E).  
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Figure 18. Influence of FTY720 treatment on microvascular reorganization after 

mild stroke  

A. Representative images processed using the Imaris filament-tracing tool. Analysis of 

striatal and cortical vessel length and branching point density in brains of mice subjected 

to 20 minutes of ischemia followed by treatment with 1 mg/kg FTY720 (or vehicle only), 

starting 1 day post-ischemia for 7 or 14 days before perfusion with FITC-conjugated 

albumin-containing hydrogel. The scale bars represent 100 µm. B and D Box-plots show 

vessel length density (VLD) of cerebral microvessels analyzed in the FTY720-treated 

group and vehicle animals subjected to 20 minutes of MCAO followed by reperfusion 

after 7 or 14 days in the ischemic (red boxes) or non-ischemic (blue boxes) striatum (B) 

or the adjacent cortical region (D). C and E Box-plots show branching point density of 

cerebral microvessels analyzed in the FTY720-treated group and vehicle animals 

subjected to 20 minutes of middle cerebral artery occlusion (MCAO) followed by 

reperfusion after 7 or 14 days in the ischemic (red boxes) or non-ischemic (blue boxes) 

striatum (C) or the adjacent cortical region (E). * / ** / *** p<0.05 / 0.01 / 0.001 vs. 

corresponding non-ischemic hemisphere. § p<0.05 vs. vehicle at 7 dpi. # p<0.05 vs. 

vehicle only at 14 dpi. days post-ischemia. BP, branching points.  
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Figure 19. Influence of FTY720 treatment on microvascular reorganization after 

severe stroke  

A. Representative images processed using the Imaris filament-tracing tool. Analysis of 

striatal and cortical vessel length and branching point density in brains of mice subjected 

to 40 minutes of ischemia followed by treatment with 1 mg/kg FTY720 (or vehicle only), 

starting 1 day post-ischemia for 7 or 14 days before perfusion with FITC-conjugated 

albumin-containing hydrogel. The scale bars represent 100 µm. B and D Box-plots show 

vessel length density (VLD) of cerebral microvessels analyzed in the FTY720-treated 

group and vehicle animals subjected to 40 minutes of middle cerebral artery occlusion 

(MCAO) followed by reperfusion after 7 or 14 days in the ischemic (red boxes) or non-

ischemic (blue boxes) striatum (B) or the adjacent cortical region (D). C and E Box-plots 

show the branching point density of cerebral microvessels analyzed in the FTY720-

treated group and vehicle animals subjected to 40 minutes of MCAO followed by 

reperfusion after 7 or 14 days in the ischemic (red boxes) or non-ischemic (blue boxes) 

striatum (C) or the adjacent cortical region (E). * / ** / *** p<0.05 / 0.01 / 0.001 vs. 

corresponding non-ischemic hemisphere. § p<0.05 vs. vehicle at 7 dpi. # p<0.05 vs. 

vehicle only at 14 dpi. days post-ischemia. BP, branching points.  
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DISCUSSION 

 

Within this study, we investigated vascular reorganization following mild and severe 

tMCAO using fluorescence-based 3D LSFM, followed by selecting ROIs and creating 

Frangi filters, which were subsequently imported into Imaris software for analysis. In 

parallel, we utilized a bright autofluorescent signal evoked by ischemia to estimate the 

volume of cerebral infarction and tissue autofluorescence of examined striatum volume 

as well. The study revealed numerous details of the vasculature, revealing new 

perspectives of vascular reorganization that have hitherto not been seen as accessible 

In order to investigate the concept of microvascular remodeling as a treatment for stroke, 

the knowledge of VLD is required. In previous studies, authors found that the number of 

vessels significantly increased as early as 1 day until 21 days after the stroke in mice using 

a complementary DNA (cDNA) array method as well as Western blotting (Hayashi et al., 

2003) This result is consistent with our study. Moreover, the details of branching, 

including the branch density, branching point density and branches/BP, in the cortex and 

striatum were studied here as well. These parameters show pronounced changes after 3 

days post-ischemia, reflecting decreased VLD, branch density and branching point 

density, which was partially or fully restored after 28 to 56 days, depending on the stroke 

severity. Hence 3D imaging can be used to measure the branching morphology instead of 

merely measuring collateral hemodynamic changes. A previous study suggested that, 

after stroke, the early increase of cerebral blood volume (CBV) may result from the 

opening of pre-existing branches. The late phase of CBV increase may be due to 

angiogenesis (Lin et al., 2008). Therefore, BPs also represent revascularization, which 

supports the results of this study. Even at 56 days after stroke, the branching point density 

continued to grow. VLD increased from 3 to 56 days after stroke in mice as well. However, 

previous studies have quantified vessel length in thin or thick histological sections (Tsai 

et al., 2009; Boero et al., 1999) or using staining of endothelial cells that surround the 

infarct area as early as 12-24 hours afterwards. An increase in vascularity in the peri-

infarct region 3 days after ischemic injury was detected (Beck et al., 2000, Marti et al., 

2000), but the authors drew conclusions without showing more details. Our study allows 

visualization of many vascular details in a 3D structure, allowing assessment of changes 
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in vessel density and branching. Nevertheless, as hydrogel labeling is based on the flow 

of blood, non-perfused vessels cannot be labeled with the method used in this study.. 

Most researchers studying cerebral vasculature by conventional histochemistry elucidated 

microvascular remodeling and angiogenesis only up to 28 days post-stroke. However, in 

2007, Lyden and colleagues proposed a “clear-up hypothesis”, whereby newborn vessels 

disappear while removing cellular debris from pan-necrotic tissue, suggesting that post-

stroke brain angiogenesis is transient rather than permanently involved in neuronal 

recovery. They illustrated that the length and density of microvessels after 30 days was 

statistically significantly larger in the ischemic than in the non-ischemic hemisphere. This 

difference was abated partially by day 90 and entirely by day 165 after tMCAO. Those 

results are not in conflict with the results from this present study, wherein the VLD and 

BPs still seemed to be increasing at 56 days after the stroke, however, the ipsilateral 

values were never higher than the contralateral values or at least did not exceed them to 

a relevant extent, which has not been reported up to this point. These previous researchers 

employed immunohistochemistry (Manoonkitiwongsa et al., 2001, Yu et al., 2007), 

whereas 3D visualization was used in our study, which enables vascular network 

reconstruction and analysis. Conventional histochemistry allows evaluating small vessel 

segments, while we provided an unbiased analysis of vascular networks in defined brain 

areas 

Microvessels in an infarct area are frequently coiled into a cavity where brain parenchyma 

has been lost. These tortuous vessels and cavities were referred to as tortuous lesions in 

this study. Tortuosity increases a vessel’s length, accompanied by a loss of kinetic energy 

for each turn and loop (Brown et al., 2011). The arterioles typically become more tortuous 

in individuals aged between 60 and 70 years (Hassler et al., 1967). According to previous 

studies, alterations in blood flow and pressure are one of the factor of vascular tortuosity, 

whereas arterial dynamics, buckling and vessel wall remodeling contribute to the 

development of vascular tortuosity, which explains why increased tortuosity can be 

observed after stroke (Han, 2012). Vessels with multiple branching points are more likely 

to form a series of small loops than a large conduit with no branches, taking the shape of 

a single loop or a simple “S” shape, and vessels with large diameters require a longer path 

length to generate tighter angles compared to smaller vessels (Ciurică et al., 2019). Hence, 
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when studying angiogenesis by measuring tortuosity, additional details of the vascular 

networks are provided. The results of this study demonstrate that the branching points 

differed the most between the ipsilateral and contralateral striata at 7 days post-stroke, 

with fewer branching points in the ipsilateral striatum. From 28 days onward, the 

branching-point density, vessel diameter, and tortuosity did not differ between the 

ipsilateral and contralateral striata, which indicates that the remodeling of the vasculature 

is more stable in the later phases after stroke. This result is supported by those from 

several previous studies (Xiong et al., 2010; Popa-Wagner et al., 2010; Slevin et al., 2006). 

Additionally, based on our time course studies of microvascular remodeling, we 

investigated the influence of the S1P receptor modulator FTY720 treatment on vascular 

angiogenesis in mild and severe stroke by measuring VLD and branching point density 

after 7 and 14 days, respectively. FTY720 exhibits potent activity in neurons, glial cells, 

and brain microvascular endothelial cells (Billich et al., 2003; Blondeau et al., 2007). Tian 

reported in 2020 that FTY720 can promote angiogenesis in the ischemic zone after 

photothrombotic stroke, a type of stroke that mimics a cortical stroke, which they 

determined by using CD31 + BrdU staining at day 14 post-stroke. Their results were in 

line with those of this study, The VLD significantly increased 14 days after stroke in 

FTY720-treated mice compared to the vehicle group. Our research is supported by 

another study carried out by Malone in a permanent MCA distal occlusion mice model, 

which showed the most evident effect was noted when the mice were treated with FTY720 

for 10 days after ischemia with a significant increase in the number of FoxP3+ cells in 

the infarct core (Malone et al., 2021). FoxP3+ cells are the most important molecular 

marker of regulatory T cells and are found to be expressed in excess in all regulatory T 

cells. In our model, VLD and BP density in FTY720-treated mice increased considerably 

at day 14 post-stroke, whereas no significant increase of VLD and BP density was 

detected at 7 days post-stroke. Therefore, we hypothesize that the observed effects are 

more likely related to the initiation of angiogenesis than to the protection of vessels by 

FTY720 after stroke. S1P receptor 1 on endothelial cells is able to sense shear stress and 

transduce its signaling pathway triggering the development of collateral vessels in 

ischemic stroke (Iwasawa et al., 2018). Such collateral recruitment is strongly correlated 

with the sprouting of the main stem, which may account for the more pronounced increase 

in branching point density than VLD in this study (Liu et al., 2014). Our study provides 
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evidence for the first time that the cortical region adjacent to the stroke undergoes vascular 

remodeling after stroke, resulting in significantly increased VLD with the use of FTY720 

for 14 days. To date, most of the results presented by investigators for the treatment of 

stroke with FTY720 have been positive, however, they have not discriminated between 

the degree of stroke, and we found that FTY720 was equally efficient after a mild stroke 

as it is after severe ischemia, which will provide new insights into the immune response 

and treatment after stroke. 

As the ischemia was located in the MCA territory and the area of infarct included both 

cortical and subcortical tissues, we used the infarct surface area as an auxiliary measure 

to evaluate the accuracy of our findings. In brain lesions, volume and surface area are two 

parameters of relevance. Revealing a diverse aspect of the morphology of the infarct 

(Gautam et al., 2015). Infarct size and brain striatal volume were analyzed using 3D 

reconstruction based on intensive autofluorescence and tissue autofluorescence, 

respectively. Previously, infarct volume was mainly determined with computed 

tomography, magnetic resonance imaging (MRI), and/or histology of brain sections, 

followed by reconstruction of the infarct volume of the brain tissue as an imaging stack 

(Lin et al., 1993; NINDS, 2000) and evaluation of the critical value. TTC-staining is the 

gold standard for infarct visualization and can be used up to 3 days post-tMCAO; Nissl 

or hematoxylin staining was commonly used when more than 3 days had elapsed since 

the stroke (Türeyen et al., 2004). However, the detection of autofluorescence cannot be 

used to estimate the infarct volume less than 3 days post-stroke because autofluorescence 

can be produced by many endogenous fluorophores during brain injury (Pascu et al., 

2009). Since necrosis of neurons begins at 6 h after arterial occlusion, endogenous 

fluorophores are released. The edges of the necrotic tissue may become clearly 

demarcated after 4 to 5 days of arterial occlusion (Garcia et al., 1995). Above all, the 

volume obtained after 7 days post-stroke is more reliable whereas at time points later than 

14 days post mild stroke, the infarcted tissue has presumably already cicatrized. In a 

previous study, measurement of infarct volume from autofluorescence showed 

comparable results when compared to Nissl staining after 7 days of ischemia (Mohamud 

Yusuf et al., 2021). 
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Since infarct volume is directly related to the outcome of ischemic stroke, we studied the 

effect of FTY720 (a known S1P receptor agonist) on severe and mild stroke using the 

same approach, and the results clearly demonstrated that FTY720 could reduce infarct 

size and volume 7 or even 14 days after severe infarction. Previously, different effects 

were reported for FTY720 when it was used to treat relapsing multiple sclerosis by 

sequestering lymphocytes in the lymph nodes and preventing them from contributing to 

an anti-immune response. Because the immune system plays a crucial role in correcting 

the damage after a stroke, this drug was applied to treat strokes and positive results were 

obtained. In certain studies, FTY720 significantly decreased stroke area and improved 

functional outcome in wild-type mice on days 1 and 3 after tMCAO (Kraft et al., 2013); 

however, these previous studies focused on cortical infarcts or infarcts of moderate size, 

in contrast to the study performed by Liesz (Liesz et al., 2011). Furthermore, most studies 

were conducted between 0 and 7 days after stroke, with longer-term studies being much 

rarer. In the case of severe stroke (mice subjected to more than 30 minutes of tMCAO), 

numerous studies have demonstrated that the infarct size was reduced after FTY720 

treatment, similar to the results of this study (Brait et al., 2016; Salas-Perdomo et al., 2019; 

Naseh et al., 2021). 

Furthermore, we used the autofluorescence signal of brain tissue to measure the variations 

of striatal volume after a mild and severe stroke. Endogenous autofluorescence clearly 

showed the structure of the brain in projected coronal sections, allowing the contours of 

the striatum to be drawn and eventually connected to obtain the volume of the striatum 

using the surface tool in Imaris. When applying this method, the volume can be reliably 

measured at all time points after ischemia. We detected shrinkage of the ischemic striatum 

as early as 14 days, continuing until 56 days after the stroke (with the shrinkage of 

ischemic tissue being more pronounced after severe stroke). Previously, the striatal and 

thalamic shrinkage in the acute to chronic phases of ischemic stroke were investigated in 

relation to radiologically identified lesions; the shrinkage was not related to lesion size 

and was suggested to be independent of the ischemic event (Kraemer et al., 2004), which 

supports the results obtained here. The post-ischemic infarct volume decreased over time, 

although striatal shrinkage was more prominent. Overall, severe stroke seriously affects 

the striatal structure. Meanwhile, vasogenic edema, especially in the early phases after 

stroke onset, is more prominent after a severe stroke than after a mild stroke (Werring et 
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al., 2000; Kang et al., 2000). Moreover, we could show that LSFM imaging can be used 

to replace conventional TTC or Nissl stainings to measure infarct volume after 7 days of 

infarct, and the endogenous autofluorescence of brain tissue can be utilized to reliably 

measure swelling or shrinkage of tissue. One advantage to this being that fewer animals 

are needed for testing, as the very same brain can be used for different read-outs. 

In summary, the applicability of LSFM was evaluated in measuring post-stroke 3D 

microvasculature in the mouse brain, including infarct size and angiogenesis, VLD, BPs 

and vascular tortuosity in the acute and chronic phases after mild and severe stroke and 

upon FTY720 treatment. The results of this investigation are consistent with previous 

studies but demonstrate additional vascular details. This is the first time that vessels have 

been quantified and angiogenesis has been visualized in a 3D reconstruction over a long 

time period post-stroke. While the study presents a promising result, there are some 

caveats. Larger groups of mice are required for each indicated time point. During our 

analyses, we were encountering moderate variations within groups, which allowed us to 

perform quantitative analysis. In the future, our experimental protocol will allow us to 

study a variety of restorative stroke treatments. We will use distinct stains to label 

different vascular structures in order to visualize neovascularization, venous vessels, 

microvessels and capillaries, tissues, cells and proteins, not only in case of stroke but also 

in additional pathologies. We can connect functional data with intricate macro and 

microstructures. In today's multidisciplinary environment, this will help us to identify 

treatments with clinical potential in ischemic stroke. 
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SUMMARY 

 

To elucidate the process of microvasculature remodeling after ischemic stroke, a thorough 

analysis of the cerebral microvessels was performed. The tMCAO (transient middle 

cerebral artery occlusion)-mouse model proved suitable for the induction of local infarcts 

in the striatum and cortex. The optimized solvent-based clearing method provided an 

adequate basis for the analysis of the mouse brain microvasculature with Lichtblatt-

Fluoreszenzmikroskopie (LSFM). Labeling of the mouse brain vasculature with hydrogel 

and FITC (fluorescein isothiocyanate)-conjugated albumin via cardiac perfusion allowed 

the visualization of the vascular structure with LSFM, enabling the detailed analysis of 

the vascular system. 3D (three dimension)-reconstruction and vascular quantification of 

healthy and ischemic hemispheres were successfully performed by fitting the imaging 

data to a filament-tracing model, which allowed the calculation of different vascular 

parameters for both healthy and ischemic tissues. In addition, treatment with the S1P 

(sphing-1-phosphate) receptor modulator FTY720 (Fingolimod) reduced the secondary 

damage in the infarct area, especially at 14 days following the stroke. Specifically, 

FTY720 treatment significantly increased microvascular density and branching point 

density in the infarct striatum after mild and after severe stroke and decreased infarct 

volume compared to vehicle treatment, suggesting in utility as restoration stroke 

treatment. 
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ZUSAMMENFASSUNG 

 

Um den Umbau der Mikrogefäße nach einem ischämischen Schlaganfall zu verstehen, 

haben wir eine detaillierte Analyse der zerebralen Mikrogefäße durchgeführt. Das 

tMCAO (transient middle cerebral artery occlusion)-Model erwies sich als geeignetes 

Mausmodel, um lokale Infarkte in den Hirnhemisphären und der Hirnrinde zu induzieren. 

Das optimierte Lösungsmittel-Clearing-Verfahren lieferte eine adäquate 

Bildgebungsgrundlage für die Analyse der Mikrogefäße des Mäusegehirns mit Hilfe der 

Lichtblatt-Fluoreszenzmikroskopie (LSFM). Die Markierung der Hirngefäße der Maus 

mit Hydrogel und FITC (fluorescein isothiocyanate) konjugiertem Albumin über die 

Herzperfusion ermöglichte eine klare Darstellung der Gefäßstruktur im LSFM, wodurch 

eine detaillierte Analyse des Gefäßsystems möglich wurde. Die 3D (three dimension)-

Rekonstruktion und vaskuläre Quantifizierung gesunder und ischämischer Hemisphären 

wurde erfolgreich durchgeführt, indem die Bildgebungsdaten an das Filamentmodel 

angepasst wurden, was die Berechnung verschiedener vaskulärer Daten sowohl für 

gesundes als auch für ischämisches Gewebe ermöglichte. Darüber hinaus reduzierte die 

Behandlung mit dem S1P (sphing-1-phosphate) Receptor Modulator FTY720 

(Fingolimod) über einen Zeitraum von 14 Tagen den Sekundärschäden im Infarktgebiet. 

Insbesondere verbesserte die Behandlung mit FTY720 die Gefäß- und 

Verzweigungspunkt-Dichte im Striatum, sowohl nach einem leichten als auch nach einem 

schweren Schlaganfall, und verringerte das Infarktvolumen im Vergleich zu Trägestoff 

Behandlung, was auf eine restaurative Wirkung bei der Behandlung des Schlaganfalls 

schließen lässt. 
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1.25 List of abbreviations 

 

ATP    Adenosine triphosphate  

BBB Blood-brain barrier  

BP Branching points  

CBV Cerebral blood volume 

CD Cluster of differentiation 

CCA Common carotid artery  

DBE Dibenzyl ether 

ECi Ethyl cinnamate 

FDA Food and Drug Administration 

FDISCO 
Fluorescent three-dimensional imaging of solvent-

cleared organs 

FTY720 Fingolimod 

FITC Fluorescein isothiocyanate 

FoxP3+ Forkhead box P3 

IB4   Isolectin B4 

ICA  Internal carotid artery 

IL Interleukin 

INF Interferon 

LDF  Laser Dopper flowmetry 

LSFM  Light-sheet fluorescence microscopy 

MCA Middle cerebral artery 

MRI  Magnetic resonance imaging 

MS Multiple sclerosis 

N2O Nitrogen dioxide 

O2 Oxygen 

PBS  Phosphate-buffered saline 
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RNs Reactive nitrogen species 

ROI Region of interest 

ROs Reactive oxygen species 

rt-PA Recombinant tissue plasminogen activator 

S1P  Sphingosine-1-phosphorate 

3D Three-dimensional 

THF Tetrahydrofuran 

tMCAO Transient middle cerebral artery occlusion                                 

TNF  Tumor necrosis factor 

TTC  Triphenyl tetrazolium chloride 

VLD Vessel-length density 

VMTK Vascular modeling toolkit 
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