
 

 

 

 

Faculty of health 

Institute of Medial Biology 

Novel screening methods for nanoscale changes in liver cell 
fenestrations elicited by pharmaceuticals  
 

Application of super-resolution microscopy and advanced image analysis methods for development of new 
therapeutics against ageing and liver diseases 

 
 

Karolina Szafranska 

A dissertation for the degree of Philosophiae Doctor       August 2022 





   

  

Novel screening methods for nanoscale 

changes in liver cell fenestrations elicited by 

pharmaceuticals 
 

 

Application of super-resolution microscopy and advanced image analysis 

methods for development of new therapeutics against ageing and liver diseases 
 

 

 

 

 

Karolina Szafrańska 
 

 

A dissertation for the degree of Philosophiae Doctor 
 

 

 

 

 

 

 

Vascular Biology Research Group 

Department of Medical Biology 

Faculty of Health Sciences 

UiT – The Arctic University of Norway 

 

 

August 2022 
  



 

 

  



   

  

Table of Contents 

Acknowledgements ................................................................................................................. I 

Summary ............................................................................................................................... V 

List of Papers ...................................................................................................................... VII 

Abbreviations ....................................................................................................................... IX 

 

Introduction…………………………………………………………………………………….1 

1 Liver ................................................................................................................................... 1 

2 Liver sinusoidal endothelial cells (LSEC) ......................................................................... 3 

2.1 A brief history of fenestration research ....................................................................... 3 

2.2 Fenestrations ................................................................................................................ 5 

Fenestration size and number ............................................................................................. 5 

Fenestration structure ......................................................................................................... 5 

Fenestra forming and defenestration centres (FFC and DFC) ........................................... 6 

Fenestration dynamics ........................................................................................................ 7 

2.3 LSEC scavenging ........................................................................................................ 7 

2.4 Other functions of LSEC ............................................................................................. 8 

2.5 LSEC in health and disease ......................................................................................... 9 

LSEC capillarization and pseudocapillarisation .............................................................. 10 

2.6 LSEC and drugs ......................................................................................................... 12 

Actin disrupting agents ..................................................................................................... 12 

Other non-medicinal agents ............................................................................................. 13 

Medicinal drugs ................................................................................................................ 13 

3 Microscopy ....................................................................................................................... 14 

3.1 Atomic Force Microscopy (AFM) ............................................................................. 15 

AFM Imaging ................................................................................................................... 15 

Force spectroscopy ........................................................................................................... 17 

3.2 Structured illumination microscopy (SIM) ................................................................ 18 

3.3 STimulated-Emission-Depletion (STED) Microscopy ............................................. 20 

3.4 Scanning Electron Microscopy (SEM) ...................................................................... 22 

3.5 Correlative techniques ............................................................................................... 23 

4 Image analysis .................................................................................................................. 24 



 

 

Aim of the study…………………………………………………………….……………..….27 

Summary of papers…………………………………………………………………..……….28 

Paper I ...................................................................................................................................... 28 

Paper II ..................................................................................................................................... 30 

Paper III .................................................................................................................................... 32 

Paper IV .................................................................................................................................... 34 

Discussion……………………………..……………………………………………………...36 

5 Methodological considerations ........................................................................................ 36 

5.1 Systematic vs non-systematic review ........................................................................ 36 

5.2 Cell isolation and culture ........................................................................................... 37 

Animal models ................................................................................................................. 37 

In vivo vs in vitro .............................................................................................................. 38 

Primary cells vs cell line .................................................................................................. 39 

LSEC viability and endocytosis ....................................................................................... 40 

5.3 LSEC imaging ........................................................................................................... 41 

Resolution ......................................................................................................................... 41 

Selection of the imaging technique .................................................................................. 43 

Hunting the “true size” of fenestrations ........................................................................... 44 

Live and fixed cells .......................................................................................................... 46 

Image analysis .................................................................................................................. 47 

6 Drug screening ................................................................................................................. 49 

6.1 LSEC and xanthines .................................................................................................. 50 

6.2 Structure and regulation of fenestrations ................................................................... 52 

Conclusions………………………………..………………………………………………….55 

Future perspectives…………………………..……………………………………………….57 

Bibliography: ............................................................................................................................ 59 

 

 

  



Acknowledgements 

I 

The main funding for this project was received from the European Union’s Horizon 

2020 research and innovation programme under the Marie Skłodowska-Curie grant agreement 

no. 766181, project “DeLIVER”. Parts of this work were also supported by the Research 

Council of Norway, Grant no. 288565 “NANO2021”, Polish National Science Centre under the 

“SYMFONIA 3” project, grant agreement no. UMO-2015/16/W/NZ4/00070 and “SONATA 

15” project, grant agreement no. UMO-2019/35/D/NZ3/01804. 

This project was realised under the supervision of Prof. Peter McCourt, Prof. Karen 

Sørensen and Dr Bartłomiej Zapotoczny. I am deeply grateful for their guidelines and support 

in both scientific and personal life throughout the four years of my PhD. The PhD time is 

challenging even without the issues like the closure of UiT animal facility or a global pandemic 

but I believe that I was in the best possible place with the best people to overcome all of these 

obstacles. 

First, I would like to thank my supervisor, Peter, who back in 2017 at the ISCHS 

conference in Galway, Ireland, met me – a random Polish master student – and offered me a 

PhD position (at the end of the world). I am so grateful for the warm welcome to Tromsø, I 

would never expect to be greeted by the institute leader! Thank you for believing in me and for 

dealing with my scepticism. I hope the next four years of our work together will be even better 

than the previous ones.  

Next, but equally first, I would like to thank my mentor and scientific brother Bartek. I 

am so glad that we could continue working on LSEC together even after I left the country. 

Thank you for all the support, for all the long days in the lab and for constantly motivating me. 

Special thanks also to your wonderful family for coming to Tromsø. I know that whatever the 

future will bring we can always count on each other. 

This project would not be possible without our McTeam of McKids – Larissa, 

Christopher, Tetyana, (and unofficial member Eike). I feel lucky to be able to collaborate with 

you all. We went together through all the good and horrible times, and I cannot imagine doing 

it with a different team. Thank you all for all the support inside and outside of work and for 

pushing some extra work-life balance onto me. Larissa and Eike – extra thanks for the constant 

supply of chocolate, Tetyana – thank you for looking at me like I know what I am doing even 

if I have absolutely no idea, Christopher – thank you for dealing with me 24/7 and support when 

I really needed it. 

Special thanks to the whole Vascular Biology Research Group. It was a great experience 

to be a part of the VBRG family, even on Fridays without the cake meeting. I am extremely 

grateful to Prof. Karen Sørensen for the supervision, even if short our meetings always gave 

me so much precise and condensed knowledge that I regret not asking them years before. Many 

thanks to the technical team – Gianina, Ruomei and Jaione for your help especially with the 

animal experiments but also for sharing your knowledge of survival as foreigners in Norway. I 

would also like to thank our former group leader Prof. Bård Smedsrød for sharing his insight 



 

II 

into the LSEC world and coming to the office just to bring me copies of old german research 

articles. Thank you Ingelin, Sabin, Javier, Anett and Kjell for your support and creation of this 

warm, family-like atmosphere at VBRG. I would also like to thank Cristina for always 

constructive criticism and for sharing the knowledge and experience. 

I would like to acknowledge all my co-authors, collaborators and colleagues. Special 

thanks for all ERSs from the DeLIVER ITN project. The survival of the Hurtigruten meeting 

in the middle of the storm will never be forgotten. I would like to acknowledge all the help I 

received from the Nanoscopy group at UiT, especially from Deanna who was always ready to 

help and save me, my samples and the microscope. I’d also like to extend my gratitude to Tom 

and Randi from the UiT core facility for sharing their knowledge and experience and guiding 

me through the world of electron microscopy.  I am also grateful for all the opportunities from 

the research team at the Anzac Research Institute in Sydney and the Sydney University of 

Technology (UTS).  

I also wish to thank everyone who I worked with in Poland for all the scientific and life 

experiences I brought with me to Tromsø. Especially colleagues from the Department of Physics 

of Nanostructures and Nanotechnology UJ and Jagiellonian Centre for Experimental 

Therapeutics.  

I cannot begin to express my thanks to Christopher who lived with me through all the 

hardships of a PhD student life. Thank you for dealing with me both at work and at home and 

for supporting me on many days of late-night lab work.  

Finally, getting to this point in my life would not be possible without my parents. I am 

grateful for all your support and for allowing me to pursue my goals.  

Na koniec chciałabym podziekować moim rodzicom za wsparcie w całej mojej 

edukacji. Bez was i waszej cierpliwości do moich czasem szalonych pomysłow nie udało by 

mi się dotrzeć tu gdzie jestem. Zawsze będę wdzięczna za ogromne zaufanie którym 

obdarzaliście mnie od najmłodszych lat.  

 

 

 
 

 
 

 

 



 

III 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

“The easiest way to solve a problem is to deny it exists.”  

~ Isaac Asimov 
 

“The most exciting phrase to hear in science, the one that heralds new 
discoveries, is not ‘Eureka!’ but ‘That’s funny…'”  

~ Isaac Asimov 
 

 

 

  

 



 

IV 

 



Summary 

V 

This thesis focuses on liver sinusoidal endothelial cells (LSEC) and their characteristic 

features called fenestrations. LSEC line the hepatic sinusoids and provide blood filtration. The 

bidirectional transport of solutes between the bloodstream and the interior of the liver is 

facilitated via transcellular nanopores called fenestrations. These structures are 50-350 nm in 

diameter, which is in large part below the resolution limit of conventional light microscopy. 

Fenestrations are dynamic structures that can react to various drugs and adapt their diameter 

and/or number within minutes or even seconds. Both the number and diameter of fenestrations 

are important for the maintenance of proper liver functions.  

 Various agents were shown to have an effect on LSEC fenestrations. Here we gathered 

the literature about existing drugs, both recreational and prescription ones, as well as other 

agents that influence fenestrations. This revision also contains/covers the description of 

different hypotheses about fenestration structure, regulation, and dynamics. Moreover, the 

analysis of previously used imaging techniques and image analysis methods allowed us to 

propose novel more efficient ways of studying LSEC. The application of machine learning and 

batch processing enabled the analysis of large datasets of hundreds or even thousands of images. 

Those methods were used in the next studies to quantitatively describe LSEC porous 

morphology.  

 The differences in the reported values of parameters describing fenestrations, such as 

fenestration diameter, fenestration frequency and porosity, depend mainly on the used imaging 

technique but also on sample preparation and image analysis method. Combination of different 

types of microscopies in a correlative manner allowed better understanding of those differences. 

Especially, the fenestration size can be influenced by the different types of fixations – wet, 

characteristic for optical techniques and dry for electron microscopy. The drying-related 

shrinkage of the cell body results in about 30% increase in the fenestration diameter. Also, 

various fixative agents influenced the measured diameter of fenestrations from atomic force 

microscopy images. 

 In the last part, the influence of xanthines was studied with the application of the 

previously optimized imaging techniques and image analysis methods. Xanthines such as 

caffeine and theobromine can be found in food and beverages but also in asthma medications – 

theophylline. The results of in vitro treatment of LSEC showed that in physiologically relevant 

concentrations (8-20 µg/ml, achievable by consumption of xanthines containing products) 

xanthines have no negative effects and theobromine increased the number of fenestrations. In 

high concentrations, all xanthines increased fenestration number which may find a future 

application using targeted delivery to avoid systemic side effects.  
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Introduction 

1 

 

This thesis is the result of interdisciplinary work connecting molecular and cell biology 

with physics, biophysics, and computational studies as a means to better understand medically 

relevant problems. This introduction may not contain all the available information required to 

fully comprehend the background but rather aims to fill the gaps between those disciplines and 

provide a better understanding for a reader from any related field of study. 

1 Liver 

The liver is the largest solid internal organ and is responsible for a variety of biological 

functions, such as blood clearance of metabolites, detoxification, protein synthesis and glucose 

metabolism regulation but it also has a role in immune reactions. Every few minutes the 

equivalent of the whole blood volume flows through the liver. There are two main blood sources 

for the liver (Figure 1): about 75% comes from the portal vein system, consisting of the low-

oxygen/high nutrient venous blood and the remaining 25% comes from the hepatic artery as a 

high-oxygen systemic circulation arterial blood [1]. This structure has some important 

implications, especially for drug development and liver toxicity. The  “first-pass” effect means 

that molecules absorbed via the gastrointestinal tract will first enter the liver before reaching 

the systemic circulation [2]. The low fraction of the arterial blood also indicates that hepatic 

cells are physiologically exposed to low oxygen levels (about 5%) in vivo [3].  

The internal structure of the liver is connected to its filtering function. The entering blood 

vessels branch forming small tubular channels, called sinusoids, with a mean diameter of about 

8 µm – roughly the diameter of a red blood cell [4][5]. Sinusoids are lined with fenestrated 

endothelial cells (liver sinusoidal endothelial cells: LSEC) which regulate the active and passive 

transport between plasma and the space of Disse to which the hepatocytes are exposed. In the 

Figure 1 Schematic structure of the liver sinusoids. Reproduced from [253]. 
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middle of each lobule, the central vein collects blood from the sinusoids. About 85% of liver 

volume constitutes hepatocytes and other cells, while sinusoidal lumen and space of Disse 

occupy 10% and 5% respectively [6]. 

The phenotypes of both hepatocytes and LSEC change within their localization along with 

the sinuses, therefore establishing a defined zonation (Figure 1). Zone 1 (periportal) consists of 

the cells in the area close to the portal vein, then follows zone 2 (midzonal) then ends with zone 

3 (centrilobular) around the central vein [2]. Between zone 1 and zone 3 the size of the sinusoids 

increases, changing from about 6.5 µm to > 8.5 µm [7][8], the pressure within sinusoids thus 

decreases [7] and blood flow increases [9][10], LSEC fenestration size slightly decreases while 

fenestration number increases [4][11][8]. The zonation reflects the gradual reduction of the 

available oxygen which influences the gene expression by hypoxia-inducible factors [12]. 

Hypoxia-inducible factors regulate major metabolic liver functions – gluconeogenesis, 

lipogenesis, insulin levels and protein degradation [13]. Moreover, many enzymes present 

graded expression across the lobules - β-oxidation enzymes decrease toward the central vein 

while enzymes involved in lipid synthesis are present mostly in the centrilobular region and 

gradually diminish toward the periportal zone [14]. 

Hepatocytes are the major cells in the liver and constitute 92% and 65% of the total cellular 

volume and number respectively [6]. They are also referred to as liver parenchymal cells and 

are responsible for many functions of the liver, such as glucose storage, lipid metabolism, 

production of albumin, bilirubin and many other molecules, as well as metabolism and 

elimination of various drugs and toxins via their CYP enzyme system [15]. The three other 

major cell types present in the liver sinusoids are Kupffer cells, hepatic stellate cells and LSEC 

with a cell number distribution of 20%, 10% and 70%, respectively [16]. Kupffer cells are 

located mainly in the luminal side of sinusoids and are responsible for the clearance of insoluble 

particles, pathogens, endotoxins and various other molecules. Hepatic stellate cells are pericytes 

residing in the space of Disse. They play a role in signalling between hepatic cells and remain 

mostly quiescent in the healthy liver but became activated in the progression of many liver 

diseases. LSEC line the hepatic sinusoids and regulate transport from the blood inside the liver 

(detailed description in the next section). 

Other cells are also present in the liver – these are cholangiocytes (epithelial cells that line 

the bile ducts); liver-resident lymphocytes (multiple types involved in the maintenance of liver 

homeostasis); macrovascular endothelial cells (present in blood vessels before branching into 
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sinusoids); liver progenitor cells (dedifferentiated hepatocytes or cholangiocytes present during 

liver regeneration). All types of cells present in the liver have an important role on their own 

but also the cross-talk between them is crucial for the maintenance of the healthy state of the 

liver.  

2 Liver sinusoidal endothelial cells (LSEC) 

In LSEC research terms in vitro and in vivo are used to describe two main sample sourcing 

approaches (Figure 2). The experiments performed on the isolated cells are referred to as in 

vitro, Latin for “in/on the glass”. Term in vivo, Latin for “within the living” refers to either 

experiment on animals treated with selected agents or in fenestration focused research it refers 

to the observation of tissue samples - both sections and tissue blocks. 

2.1 A brief history of fenestration research 

LSEC are a highly specialized type of endothelial cells with distinct morphological features 

– 50-350 nm transcellular pores called fenestrations (or fenestrae). The breakthrough in the 

history of hepatic sinusoid wall studies started in 1955/1956 when Fawcett [17] and Parks [18] 

challenged the wide acceptance of a continuous sinusoidal endothelial lining. Their electron 

micrographs showed regular gaps in the irregularly shaped endothelial cells. They did not find 

it compelling enough to announce as a new structure, but they distinguished them from other 

sample preparation artefacts. In 1958, Wassermann [19] revised the previous reports and stated 

that this regional discontinuity in the liver sinusoids may indeed contribute to a filtration 

function. Moreover, he suggested for the first time that these openings may be a flexible, 

dynamic structure. A year later, the final, widely accepted proof of fenestration existence came 

from Yamagishi [20], thanks to great improvements in sample preparation. Around the same 

time the term “liver fenestrations” came in use thanks to similarities to already known structures 

in the kidney and the parathyroid gland [21][17]. Further developments in liver perfusion and 

more complex fixation methods allowed better preservation of these delicate structures and 

enabled observation of fenestrations in a new, detailed way.  

In 1970, Wisse’s study [22] marked the next era of fenestration research and set directions 

for finding the ultrastructure of those pores as well as exploring various agents that influence 

them. At the same time, methods to isolate different liver cells, including LSEC, were 

developed. Thanks to these, in vitro studies gave complementary information to the previous 
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in vivo data. Until the late 1990s, electron microscopy remained the main technique used for 

the observation of LSEC morphology. Both scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM) require extensive sample preparation that includes 

dehydration which can affect fenestrations, as reported in the early studies observing numerous 

artefacts [17][19]. To overcome these dehydration issues, atomic force microscopy (AFM) was 

applied to investigate the effects of both drying and different wet-fixation methods [23][24]. 

The development of AFM technology at that point in time allowed the visualisation of 

fenestrations, however, the interaction between the scanning probe and the sample proved to be 

destructive [25][26]. Later, attempts were made to observe live LSEC [27] but it was not 

possible without the further development of new, more gentle AFM technologies. In 2017, as 

a master student, I was a part of the team that using near forceless imaging, confirmed the 

dynamic nature of fenestrations [28] and estimated the fenestration lifespan to be about ~20 

minutes [29]. 

In parallel, the development of optical microscopy occurred. The size of most fenestrations 

(50-350 nm) is below the resolution capabilities of regular light microscopy (about 200 nm). 

Therefore, super-resolution techniques are necessary to study LSEC morphology with optical 

methods. The first reported attempts were made in 1996, by Gatmaitan et al. [30]. The presented 

video-intensified fluorescence microscopy images showed some improvement in quality, but 

the resolution was still not optimal. Nevertheless, the authors performed image analysis on actin 

stained LSEC and showed some differences in size after treatments. This method did not stay 

within the field and electron microscopy (EM) and AFM remained the main fenestration 

visualization tools until the development of new types of super-resolution microscopy 

modalities in the early 2000s. In 2010, Cogger et al. [31] showed the possibilities to investigate 

LSEC with Structured Illumination Microscopy (SIM). Using cell membrane dyes the authors 

measured fenestration size distribution that was in agreement with the EM and AFM studies. 

Later other super-resolution techniques were also used to study the structure of fenestrations in 

LSEC – direct stochastic optical reconstruction microscopy (dSTORM) [32] and stimulated 

emission depletion (STED) microscopy [33]. In recent years, combinations of more than one 

imaging technique are becoming popular to further investigate fenestrations. Correlative SIM-

dSTORM [32] and quantitative phase microscopy QPM-dSTORM [34] gave extra insights into 

the relationship between cytoskeleton and fenestrations and cell height, respectively. Recently, 

also nanophotonic chip-based approaches have been shown as a viable option to reduce the 
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costs of optical-super resolution imaging [35] and to effectively combine dSTORM and focused 

ion beam-scanning electron microscopy (FIB-SEM) to study LSEC.  

2.2 Fenestrations  

Fenestration size and number 

LSEC facilitate passive transportation of particles below ~300 nm via transcellular pores 

called fenestrations gathered in groups of 5-100 pores, termed sieve plates [36]. The 

fenestration diameter – 50-350 nm, plays an important role in the selectivity of filtration. The 

actual size of fenestrations is not easy to determine due to large differences between reported 

values from different experiments [4][29]. Sample preparation, fixatives, imaging techniques 

and analysis methods can influence the obtained measurements (Paper II)[37]. In general, all 

holes in the sinusoids above 350 nm diameter are considered non-physiological gaps. The 

number of fenestrations per area (the parameter called fenestration frequency) varies between 

the species [4] but also between the cells in the liver due to the zonation (Figure 1)[38]. 

Normally, the mean fenestration frequency in vitro is in the range of about 2-10 per µm2 and 

porosity (percentage of the cell area covered by fenestrations) of 4-8% [4][39]. 

 Fenestration structure 

Up to date, the exact structure of fenestration remains unknown. The fenestrae-associated 

cytoskeletal ring (FACR) was proposed by Braet et al. [40] but its chemical composition has 

not been confirmed. Later, actin was shown to surround fenestrations, creating a mesh-like 

structure [32]. These findings support the results of the effects of multiple actin targeting agents 

on LSEC morphology [41][42]. Recently, spectrin has been shown to have a regulatory role in 

Figure 2 SEM images of the fenestrated morphology of mouse LSEC in tissue/in vivo and after 

isolation/in vitro. Left image reproduced from [42]. Courtesy of Karen K. Sørensen, UiT, Tromsø, 

Norway. 
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the structural preservation of fenestration, supporting its open and closed state [43]. Little is 

known about other proteins building the fenestrations, but there have been several attempts to 

identify them based on similarities to other structures.  Caveolae (Latin for “little caves”) are 

50-100 nm invaginations in the cell membrane, formed and maintained by the caveolin protein 

[44].  Considering that fenestrations resemble caveolae in both size and appearance and that 

caveolin-1 was found to colocalize with fenestrations, it became an interesting probable 

explanation of fenestration structure [45][46]. To investigate that, Warren et al. [47] used the 

caveolin-1 knockout mice but found no difference in the fenestration size or number in 

comparison to wild type mice. This result showed that fenestrations are not a form of caveolae 

nor are they dependent upon caveolin-1. 

A relationship between lipid rafts and fenestrations was proposed by Svistounov [48] and 

Cogger [49]. Fenestrations appear to be formed in the membrane raft-free areas and disruption 

and induction of lipid rafts led to an increase and decrease in the fenestration number in vitro, 

respectively [48]. The interesting flat microdomains of non-raft membrane areas have been 

observed by both SIM and AFM [50] and may be connected with previously described 

fenestration forming centres (FFC) [51]. Moreover, there is a clear interdependence between 

fenestrations and cytoskeleton, however, not much is known about the way in which cell 

membrane connects to actin fibres in LSEC. There are various anchoring proteins that are good 

candidates for this role (such as adducins), and the lipid composition in the cell membrane 

would have an effect on the organisation and integration into bilayers, possibly affecting 

fenestrations.  

 Fenestra forming and defenestration centres (FFC and DFC) 

The FFC structure is not well defined, but its appearance precedes rapid de novo 

formation of new fenestrations after treatment with some agents, mostly actin disruptors such 

as misakinolide [52] or jasplakinolide [29]. However, fenestrations can be also formed outside 

FFC. Another fenestration related structure is the defenestration centre (DFC), reported for the 

first time in vivo in tissue samples [53] and later in vitro using AFM [29]. In these areas, the 

whole sieve plates full of fenestrations rise above the cell body and then are expelled to quickly 

decrease the fenestration number. In vitro DFCs were only observed in the treated cells, never 

in in vivo conditions.  



Introduction 

7 

 

Fenestration dynamics 

Wasserman [19] predicted early in 1958 that fenestrations should be dynamic structures 

to fully regulate the filtration in the liver. His hypothesis was confirmed almost 60 years later 

when live cell imaging became possible by AFM [50]. Fenestrations are dynamic structures 

that can open and close within seconds [43] and appear or disappear independently of each 

other [29]. There is no technique allowing to study of the dynamics of fenestrations in vivo but 

in vitro data suggest that isolated LSEC undergo quick morphological changes in the first hours 

in cell culture while spreading on the surface [29]. Fenestrations can form in the flat areas 

between the thicker actin stress fibres and move together with the cell body in the migrating 

cells. After a few hours of culture, primary LSEC morphology became more stable but 

remained responsive to stimuli, such as cytochalasin D [33]. 

Live imaging data showed that fenestrations can keep appearing and disappearing in 

minutes without the influence of any external stimuli. The mean lifespan of fenestrations was 

estimated to be about 18 minutes, but some holes can remain open for hours while some 

fractions can exist for only a few minutes at a time [29]. If those observations can be translated 

into in vivo conditions, it means that LSEC can rapidly adjust their filtering capabilities. Also, 

the large openings (>350 nm), normally considered gaps, showed similar dynamics as 

fenestrations. Some gaps can open and close or even fuse together while remaining functional, 

however, they have not been observed in tissue samples. 

2.3 LSEC scavenging 

In mammals, LSEC constitute the most efficient scavenger cell system [54], historically 

called “reticuloendothelial system” (RES) [55]. The term was first proposed by Aschoff in 1924 

in relation to the cells accumulating some “vital stains” (colloidal lithium carmine)[56]. Later 

in the 1960s, as the phagocytic properties of RES and macrophages seemed the same, it was 

proposed to replace the term RES with mononuclear phagocyte system (MPC) [57]. Finally, in 

1998, the novel cell isolation methods in combination with the original “vital dyes” identified 

LSEC as the main cells responsible for the dye uptake with just minor incorporation in Kupffer 

cells and monocytes [55].  

The placement of LSEC, which uniquely expose them directly to nutrient and 

macromolecule rich blood from the portal vein, plays a crucial role in their filtering function. 

LSEC contribute to the filtering in the liver not only by forming the dynamic barrier but also 
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by active uptake of many blood-borne macromolecules via clathrin-mediated endocytosis 

[58][59][54][60][61]. Early studies revealed that the ultrastructure of LSEC is full of coated 

pits in the plasma membrane and intracellular vesicles suggesting a high endocytic capacity 

[62]. Later, several high-affinity endocytosis receptors, as well as a high-capacity lysosomal 

degradation system, have been described. This allows efficient uptake and elimination of 

circulating biomolecules such as hyaluronan [61], collagen alpha-chains [63], heparin [64], 

modified proteins and lipoproteins [65][66], soluble IgG complexes [67] but also viral 

pathogens [68]. This clearing function is especially important as many of these macromolecules 

are not taken up at all, or just to a small degree, by other cell types [58]. 

Clathrin-mediated endocytosis is the main scavenging mechanism in LSEC [69]. LSEC 

express many endocytosis receptors [70], however, when it comes to LSEC scavenger function, 

the most studied are the two members of scavenger receptor H family – stabilin 1 and 2 [71][72], 

the mannose receptor [63], and FcγRIIb2 [73]. In in vitro LSEC studies, the endocytic capacity 

can be used to assess the functional viability of the cells [74][75]. The best candidate for this 

assay is the high-affinity scavenger receptor ligand formaldehyde-treated serum albumin 

(FSA).  

Serum albumin in its native form is cleared very slowly from the bloodstream, while 

denaturated forms such as FSA was shown to be removed rapidly (within minutes) [76][65]. 

FSA is a very stable soluble macromolecule taken up by LSEC via both stabilin-1 and -2 

receptors [71][77] and can be easily labelled with fluorescent tags (for example with FITC or 

AlexaFluor dyes) or radioactive isotopes, such as 125I.  

2.4 Other functions of LSEC 

The scavenging capacity of LSEC is closely related to their role in the immune response. 

The presence of pattern recognition receptors (PRRs), such as scavenging receptors or toll-like 

receptors, allows clearance of various pathogens, such as exogenous ligands, DNA fragments 

or endotoxins [54][78]. It is especially important as LSEC are constantly exposed to the blood 

flowing directly from the gastrointestinal tract [79]. PRRs can recognise lipopolysaccharides 

of Gram-negative bacteria (via toll-like receptor (TLR) 4) and CpG-motif DNA, which is 

abundant in microbial genomes (via TLR 9) [80]. FcγRIIb2 allows extensive recycling of small 

soluble IgG immune complexes [81] which play an important role in maintaining homeostasis 

within the liver. Scavenging receptors and toll-like receptors can also activate signalling 
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pathways within the cell promoting proinflammatory responses by expression of interleukin-6 

and tumour necrosis factor α [82]. Under inflammatory conditions, LSEC can also act as an 

antigen presenting cell and activate immunogenic T cell responses and enhance leukocyte 

recruitment to the sinusoid [83][84]. Interestingly, the small size and low shear stress of the 

sinusoids resulted in the lack of rolling in the recruitment of leukocytes and therefore low levels 

of selectins [85]. Additionally, LSEC fenestration may regulate the communication between 

hepatocytes and other immune cells [86]. This probing of T cells through the fenestrations has 

an important role as it allows them to reach the hepatocytes presenting e. g. viral antigens [86].  

LSECs are involved in blood clearance of virus and virus-like particles and were reported 

to be responsible for liver-mediated removal of adenoviruses [87], BK- and JC polyomavirus-

like particles [68], HIV-like particles [88]  as well as inhibition of replication of hepatitis C 

virus [89]. Interestingly, a preliminary study suggests that LSEC might have a key role in the 

liver injury caused by COVID-19. Infection with the SARS-CoV-2 virus causes activation and 

proinflammatory response in LSEC in human patients which creates a procoagulant phenotype 

that can trigger platelet aggregation [90]. 

2.5 LSEC in health and disease 

In the healthy liver, LSEC present their characteristic fenestrated morphology, lack of 

basement membrane and thin cell body lining the sinusoids. There are many markers of LSEC 

in health-related to their functions: high scavenging activity, secretion of various molecules, 

regulation of immune homeostasis in the liver, and crosstalk with other liver cells [59][91]. 

Disturbance in any of these functions can lead to the development or progression of various 

liver diseases (reviewed in [92][93]). Also, with ageing, LSEC functions slowly deteriorate 

[94]. These age-related changes such as endothelium thickening and loss of fenestrations 

[95][96], decreased endocytic activity [74], and collagen deposition in the space of Disse [97], 

can have important systemic implications also for the development of other age-related diseases 

[98]. 

Both the size and number of fenestrations are important in maintaining proper liver 

functions. Chylomicron remnants, high- and low-density lipoproteins (HDL, LDL) are 

metabolised by hepatocytes but must first be transported to the space of Disse via the 

fenestrations [99]. Any disturbances in this process can lead to the accumulation of the particles 

in the bloodstream which may have severe health consequences leading to dyslipidaemia and 
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atherosclerosis [100][101]. These findings are in agreement with the observation of smaller 

fenestrations in rabbit and chicken and their high prevalence of hyperlipoproteinemia, as 

compared to the larger fenestrations in mice and rats which are less prone to develop 

atherosclerosis [102][103]. The number of fenestrations in LSECs is responsible for the 

filtration rate while the size of fenestrations has implications for filtration selectivity. For 

example, HDL and LDL have diameters below 100 nm, while chylomicron remnant size is 

usually above 100 nm [99].  Changes in the distribution of fenestration size such as a reduction 

in the number of holes >100 nm, can significantly reduce the clearance of chylomicrons 

[101][104]. Proper filtration of this cholesterol-rich fraction has important implications for 

cholesterol metabolism in parenchymal cells preventing the development of atherosclerosis 

lesions [101]. On the other hand, higher admission of fat into the space of Disse, due to 

increased size and/or number of fenestrations, may promote fatty liver [105]. 

LSEC capillarization and pseudocapillarisation 

The loss of fenestrations and development of basement membrane is called 

capillarization, due to the resemblance in phenotype to common capillary endothelium 

[106](Figure 3). It compromises transportation through LSEC impeding oxygenation of 

hepatocytes, activating hepatic stellate cells and creating a proinflammatory environment [107]. 

Therefore, capillarization plays a key role in the majority of liver diseases as well as in acute 

or chronic liver injury [108], however, there is no consensus about the timing of capillarization 

in the development and/or progression of liver diseases. Pseudocapilarisation is a term used to 

describe the age-related loss of fenestrations which does not progress into fibrosis or cirrhosis 

[95]. 

Non-alcoholic fatty liver disease (NAFLD) is one of the most prevalent liver conditions 

in modern society, affecting up to 30% of the population of Western Europe and Eastern Asia 

[109]. NAFLD is a hepatic manifestation of metabolic syndrome and can have two distinct 

entities –simple steatosis, or non-alcoholic steatohepatitis (NASH) which can progress to liver 

cirrhosis or cancer [110]. In general, the development of NAFLD is associated with excessive 

triglyceride accumulation in the hepatocytes and LSEC defenestration (loss of fenestrated 

phenotype by LSEC) [111]. Interestingly, a recent report by Verhaegh et al. [112], analysing 

data from human liver samples, showed that fenestrations were still present in the patients with 

NASH in comparison to defenestrated samples from non-NASH/simple hepatic steatosis 

patients. The authors hypothesized the existence of potential protective mechanisms leading to 
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defenestration in simple steatosis that prevent the advancement of the disorder. Those 

observations are consistent with the in vitro studies of the high-fat diet-induced NAFLD 

development in mice [113]. In both the early and late stages of NAFLD, LSEC showed 

prominent adaptive capacity and preserved fenestrated morphology. Wisse et al. reported that 

enlarged fenestrations can return in NASH patients, however, details of this process remain 

without explanation [114]. 

On the other hand, capillarization is considered an integral part of the fibrotic process 

[106], however, it does not necessarily have to lead to fibrosis [112]. Further defenestration 

affects intrahepatic microcirculatory disturbances leading to the development of portal 

hypertension which in turn can lead to the progression from steatosis to NASH [115]. Also, 

capillarized LSEC lose the ability to keep HSC quiescent and prevent their activation, which 

promotes HSC activation and liver fibrosis [106].  

Age-related defenestration is also called pseudocapillarization because of the lack of 

progression into fibrosis or HSC activation observed in the capillarization in chronic liver 

diseases [96][95]. Besides the markedly reduced size and number of fenestrations (studied in 

mouse [116], rat [95][117], baboon [118], and human [119]), LSEC also lose some of their 

endocytic capacity [74]. All of this affects chylomicron remnant clearance and post-prandial 

hyperglyceridaemia which may contribute to increased vascular risk in older people [120][98]. 

All those findings show the important role of fenestrations in both the development and 

progression of various liver conditions. A good understanding of the mechanisms behind the 

regulation of fenestration gives possibilities to design new therapeutics to prevent or reverse 

disease- or age-related defenestration.  

Figure 3 Changes in LSEC morphology between healthy and diseased states [42] 
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2.6 LSEC and drugs 

Ever since the first descriptions of fenestrations on the liver sinusoidal endothelium, the 

influence of various agents on LSEC morphology has been reported both in vivo and in vitro. 

Many of the studied compounds are already in use as medicines, some have other biological 

functions, and a large group consisting of toxic chemicals sometimes used to mimic the 

development of liver diseases. Many of those agents have known molecular mechanisms of 

action on LSEC or other endothelial cells, therefore we linked that their effects on fenestrations 

can help solve the mystery of fenestration structure (details can be found in Paper I, [42]). 

Actin disrupting agents 

As discussed in section 2.2, the cytoskeleton plays a major role in fenestration structure 

and regulation. Actin creates rings or a mesh surrounding fenestrations but also builds stress 

fibres and enables cell motility [121][122]. Various actin remodelling proteins keep the 

dynamic out-of-equilibrium state where constant polymerisation and depolymerisation occur. 

Agents affecting this process have been shown to influence LSEC morphology [41][4].  

A large variety of toxins derived from moulds, marine sponges or mushrooms cause rapid 

increases in the number of fenestrations [123][52][124][29]. The main mechanism behind that 

is the shortening of actin fibres either by promotion of actin depolymerization, blockage of 

polymerization or fibre severing. The background of those processes is not yet fully understood 

but we hypothesized both the high availability of short actin fibres and the reduction in cell 

height are factors promoting fenestration formation [42]. Anti-actin drugs also revealed some 

new fenestration organization patterns. Misakinolide treatment created lines of very small holes 

emerging from small non-fenestrated areas, turning in time into fan-like patterns [41]. Similar 

non-fenestrated areas were observed after cytochalasin and jasplakinolide treatments [28][29] 

and later identified as fenestrae forming centres [52].  

Treatment with an actin disrupting agent also provided an insight into the dynamics of 

fenestrations. Even without available super-resolution imaging techniques for live cells at the 

time, Spector et al. [41] described the fast formation of fenestrations within just 5 minutes after 

treatment. The time frame of these findings suggests that there is no de novo synthesis of 

proteins involved in fenestration formation but rather relocation of existing membrane domains 

[125][126].  
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Other non-medicinal agents 

A significant group of mostly toxic compounds tested on LSEC is supposed to mimic the 

development of various liver diseases. In animal models, the administration of some chemicals 

is usually preferred for the development of pathological conditions. Spontaneous/genetic 

models or diet induction are closer to the real onset of the disease but are also more time and 

resource-consuming [127].  

The most common toxic agents in use for the development of fibrosis are: carbon 

tetrachloride (CCl4), thioacetamide, dimethyl- and diethylnitrosamine [128][129][130][131]. 

The route of admission, dosage, timing and even animal strain can influence the effect and 

needs to be carefully optimized. Monocrotaline is used for modelling sinusoidal obstruction 

syndrome and hepatic veno-occlusive disease [132][133]. Lipopolysaccharides, pyocyanin, C3-

transferase and also other endotoxins are used to study liver inflammation and immune response 

[134][135][136]. In all these models of cirrhosis and/or fibrosis, LSEC lose their fenestrations. 

The exact cellular mechanisms are hard to pinpoint, and the overall in vivo effect depends 

largely on the disturbed crosstalk between different liver cells.  

The knowledge about the specific molecular mechanisms and signalling pathways 

involved in the regulation of LSEC functions is growing rapidly in recent years. The 

development of new, more specific inhibitors and stimulators can “shut down” or divert some 

pathways allowing more precise detection of the involved mechanisms. Venkatraman and 

Tucker-Kellogg [137] showed elegantly that CD47 receptor activation stimulates signalling 

through the Rho-ROCK-myosin pathway inducing LSEC defenestration. They confirmed the 

exact mechanism by selective inhibition of various levels of signalling cascade and even the 

molecular fragment of thrombospondin 1 binding to CD47. In a similar manner de Zanger et 

al. [138] confirmed the involvement of protein-kinase-C (PKC), a molecule downstream in the 

cGMP/NO pathway, in the maintenance of fenestrations.  

Medicinal drugs 

The effects of drugs on the hepatic cells have always been of interest, especially in the field 

of pharmacology and drug development [139][140]. Over a third of drugs reaching clinical 

trials fails due to poor safety [141] and nearly 75% of all post-market drug withdrawals in the 

United States in 1975-2007 were due to liver and/or cardiovascular toxicity [142]. This data 

shows the challenges in the development of new therapeutics. Even though the majority of the 

drugs on the market are considered safe in use, side effects and overdosing can still affect the 
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liver. Unfortunately, for many medicines little is known about their direct effects on LSEC and 

other liver cells.  

For some of the approved drugs, the effects on the unintended targets show an interesting 

opportunity. LSEC can be exposed to higher concentrations of drugs absorbed via the 

gastrointestinal tract, due to the first-pass effect, in comparison with the reported 

systemic/plasma levels [2]. Hunt et al. [143] showed that some already approved medicines for 

the treatment of high blood pressure, erectile dysfunction or diabetes have positive effects on 

LSEC porosity, leading to increased porosity, in both young and old mice. Metformin, sildenafil 

and simvastatin are examples of drugs that are shown to increase the number of fenestrations 

in LSEC [143][144].  On the other hand, almost all recreational drugs with reported effects on 

fenestrations (ethanol [145], cocaine [146], and nicotine [147]) showed clear negative effects 

on LSEC morphology, leading to the reduced number and/or diameter of the fenestrations. The 

only exception was DOI (2,5-dimethoxy-4-iodoamphetamine), a serotonin receptor agonist 

with hallucinogenic effects, which showed increased porosity in old mice [148][143] as well as 

improved the liver regeneration [149].  

3 Microscopy 

Achievable spatial resolution is one of the most important parameters when choosing an 

optimal microscopy technique for the observation of LSEC morphology. In light microscopy, 

the optical diffraction limit depends on the used objectives and wavelength and does not go 

below 200 nm [150]. For fenestration observation (size of 50 – 350 nm), it means that only 

holes larger than 200 nm can be detected. There are several ways to overcome the light 

microscopy limitations: 

• Use the properties of light and/or fluorescent molecules to our advantage. Optical 

nanoscopy modalities, such as SIM, STED, dSTORM, overcome the diffraction 

limits in various ways. 

• Use electrons instead of photons that interact with the matter in a different manner, 

and therefore have different resolution limits. Electron microscopy techniques, 

such as SEM and TEM, can achieve sub-nanometre resolution according to the 

applied electron energy.  
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• Use of physical scanning probes that allow for visualisation of the sample by 

“touch”. AFM uses various imaging modes and resolution relies mainly upon the 

tip apex radius of the probe and the physical properties of the sample. 

3.1 Atomic Force Microscopy (AFM)  

Atomic force microscopy (AFM) is a part of the scanning probe microscopy family. 

Those techniques use a probe in the form of micrometre-sized cantilevers ended with a sharp 

needle with a nanometre size tip apex (Figure 4) [151][152]. It is commonly compared to 

“touching and feeling” as if the probe were a finger detecting both the topology and softness of 

the sample. The inventors of AFM, Gerd Binning and Heinrich Rohrer received a Nobel prize 

in 1986 for their findings [153].  

AFM Imaging 

There are several imaging modalities of AFM, but here only the two used in Paper II 

and Paper III will be discussed, namely contact mode and quantitative imaging™ (QI, JPK 

Instruments) mode. In the contact mode, an image is generated from the continuous scanning 

of the sample with a constant deflection of the cantilever (from a few nN to hundreds of pN) 

(Figure 5). The constant deflection is maintained via an electronic feedback loop. The precise, 

sub-nanometre movements of the probe and/or stage are facilitated by the piezoelectric motors 

[154]. The constant detection of the cantilever position is facilitated by a reflected laser signal 

allowing measurements of the sample topology (Figure 4). In the contact mode, the selection 

of a proper loading force is crucial. Overly low values hamper the detection of the signal 

Figure 4 Schematic of the AFM microscope and SEM image of a representative AFM cantilever. 

Reproduced from [254] and [255]. 
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corresponding to the detailed ultrastructure of investigated sample; overly high values can 

damage/alter the sample. The selection of cantilever is crucial for imaging, and it is highly 

dependent on the mechanical properties of sample. For soft samples, such as LSEC, the lowest 

possible spring constant must be selected. It allows for minimizing the deformation of the 

sample. If the sample is softer than the cantilever, the deformation of the sample, instead of 

deflection of the cantilever, occurs. At the same time, a low spring constant makes a cantilever 

prone to thermal drift that corresponds to uncontrolled large changes in the loading force during 

the scanning, so precise temperature control and system thermal stability is necessary 

[155][156].  In LSEC research, the contact mode is used only for fixed samples where fixed 

cells are significantly stiffer than live cells [155]. There have been attempts to image live LSEC 

using contact mode but the forces required to obtain good enough resolution were too high 

leading to the damage of cell membranes in the delicate areas with fenestrations [155][27][157]. 

Quantitative imaging (QI) is a commercial name for a mode originating from force 

mapping. In force mapping, independent force-distance curves are recorded and can be further 

translated into the images of topography (height), stiffness, adhesion, deformation or 

(visco)elasticity and other parameters. QI mode allows to greatly reduce the probe-to-sample 

interaction allowing for gentler imaging of biological samples such as LSEC. It is based on the 

collection of short (few hundred nanometres instead of a few micrometres for force mapping) 

force-distance curves in every pixel point of the image while the probe is moving between the 

pixel points without interacting with the sample (Figure 5,6), minimizing lateral forces [28]. 

The maximum loading force can be reduced providing minimum influence to the sample [158]. 

The topological data can be calculated either for the so-called contact point (zero loading force) 

Figure 5 Selected imaging modes of AFM  
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to visualise the very surface of the cell, or for higher loading forces of <500 pN or >500 pN to 

reveal the cell cortex or deeper parts of the cells [159][160]. Also, the stiffness parameter (ratio 

of applied force to observed deformation) can be calculated for each pixel point creating a 

stiffness map which can be used for image analysis. For some samples, it may provide greater 

contrast between soft cell body vs hard substrate (Figure 6). 

Force spectroscopy 

 Force-distance curves can be used not only for the force mapping but also to calculate 

more complex mechanical properties of cells (e.g. elastic modulus, shear modulus, storage and 

loss modulus [161] ). Changes in mechanical properties can be used as markers of pathology 

[159]. Measurement of changes in elasticity after different kinds of fixation can also give extra 

information about the causes of some types of imaging artefacts (Paper II, [155]). Interestingly, 

the trends of induced changes in cell elasticity are preserved also after fixation, regardless of 

the over 10-fold increase in the elasticity parameter [162].  

𝐸 =
𝜎

𝜖
= 𝑐𝑜𝑛𝑠𝑡.         [

𝑁

𝑚2]                  (1) 

E – Young modulus/modulus of elasticity, σ – tensile/compressive stress, ε – axial strain 

 The most common elasticity parameter used for biological samples is the Young 

modulus (E), based on Hook’s law (1). It describes the constant ratio between stress (resulting 

from applied pressure) and measured deformation (indentation into the sample). Provided this 

Figure 6 The principle of generating image in QI AFM mode using force-distance curves. 

Reproduced from [28]. 
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ratio is constant, the studied material is undergoing elastic deformation, which is true for 

biological samples such as cells if the indentations are small. Using Hook’s law and some 

simple assumptions about the properties of the probe and the sample, Hertz proposed a model 

which can be fitted to the experimental data to calculate the Young modulus [163]. 

Measurements of the whole-cell elasticity have been successfully applied to, among others, 

distinguishing cancer cells from other cells [164], characterization of endothelial cell 

dysfunction [159], as well as for monitoring the progression of liver fibrosis [165]. Recently, 

elasticity changes have been described for LSEC [161] in the development of NAFLD [166] 

and under the influence of agents such as cytochalasin, and antimycin [158], iodoacetic acid 

and diamide [43]. 

3.2 Structured illumination microscopy (SIM) 

Structured illumination microscopy (SIM) is a wide-field type of super-resolution 

microscopy that provides a two-fold improvement of resolution (to about 100-120 nm). The 

technique was first introduced by Heintzmann et al. in 1999 [167] in two dimensions and later 

in 2008 by Gustafsson et al. [168] in three dimensions. The SIM principle is based on the 

retrieving of super-resolution information from the sample (consisting of high-frequency 

components – details unresolvable by a regular microscope) using a well-defined illumination 

pattern. The grid-like pattern interferes with the sample moving high-frequency components 

into the resolvable range, resembling the Moiré fringes. Then, super-resolution information can 

be retrieved using reconstruction software. The data set for reconstruction requires several 

images made with different shifts in phase and angle of the grid pattern (usually, five phases 

and three angles are used) (Figure 7). 

The SIM reconstruction process can be simply described based on the images transformed 

into Fourier space. This operation allows decomposing of the image information into some 

basic sinusoidal functions which are then plotted into a frequency domain (a detailed 

explanation can be found in [169]). Briefly, the centre of the image represents the low-

frequency information (such as the general shape of the observed object), while points further 

away from the centre contribute to the high-frequency information (fine details of the image). 

In figure 7, the blue rings represent the limitation of the observable details due to the optical 

transfer function (OTF), which restricts the resolution. The yellow rings correspond to 

registered additional information, beyond the OTF, thanks to the illumination with different 

angles. Multiple angles provide isotropic resolution (even coverage of the frequency space). 
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The different phase shifts are required for the reconstruction processes which solve numerous 

equations based on the image function (details are mathematically too advanced for the sake of 

this thesis but can be found in [167] and [168]). The graphical representation of that process in 

Fourier space is presented in Figure 7.  

One of the greatest advantages of SIM is the possibility to use almost all types of 

fluorescent dyes developed for regular fluorescent microscopy. Techniques such as STED and 

dSTORM require specific fluorophores and/or additional buffer systems [170][171]. The wide 

variety of useful dyes and efficient multicolour imaging make SIM an excellent technique for 

biological samples. Moreover, SIM doesn’t need high laser power to achieve a good signal to 

noise ratio, therefore reducing possible phototoxicity which is a limiting factor for live cell 

imaging. The image acquisition time for standard SIM is also relatively low, in the range of 

seconds per super-resolved image, compared to minutes for single molecule localization 

microscopies, and allows observation of dynamic processes [172]. Recently, the development 

of faster cameras and computing powers allow reducing the image acquisition even below 100 

fps in a setup called “instant SIM”, iSIM [173].  

Further improvements in SIM resolution can be achieved using non-linear effects arising 

from fluorophore saturation. In regular SIM, the fluorescence signal responds linearly to 

Figure 7 Image of U2OS cell with actin stain acquired using both 3D-SIM and wide-field 

microscopy. Images in three different angles of illumination patten and their representations in 

Fourier space are presented.  Adapted from [223][231][253]. 
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excitation power. With very high excitation intensity, the population of fluorophores in the 

excited state increases faster than the emission of the photons while the molecule returns to the 

ground state. This saturation effect leads to non-linearity in the fluorescent excitation, which 

can in principle be used to increase the resolution for non-linear SIM (NL-SIM). Gustafsson et 

al. showed as a proof of principle that NL-SIM can reach the resolution of 49 nm [174] but with 

the need for imaging at 12 different angles and nine phases (in comparison to three angles and 

five phases in regular SIM). The requirement of a high-intensity excitation beam and a large 

number of images significantly increases the light exposure of the sample. The high-intensity 

light can lead to phototoxicity in living cells and even the destruction of a biological sample. 

The optimization is needed to maintain the gain in resolution without inducing phototoxic 

effects. There are several approaches in the attempt to overcome this problem, such as using 

photo-switchable fluorophores that allow for lowering the excitation power [175][176]. 

3.3 STimulated-Emission-Depletion (STED) Microscopy 

In 1994, Hell and Wichmann [177] proposed the concept of stimulated-emission-

depletion (STED) microscopy, but it took another five years to be experimentally demonstrated 

[178]. The main principle of STED is presented in Figure 8; this technique requires 2 separate 

beams – first for the excitation of fluorophores, same as in regular fluorescent microscopy, and 

second for the stimulated emission depletion, which “switches off” the fluorophores by 

disabling their excitation. Stimulated depletion takes place before the fluorescence, so the 

fluorophores affected by the doughnut-shaped beam are never in the excited (S1) state long 

enough for fluorescent emission. Thus, only the innermost region of the excitation beam 

contributes to the observed fluorescent signal.  This effect is strictly localized to the centre of 

the beams, so imaging requires continuous or pulsed scanning of the whole sample with the 

combination of both beams.  

 The resolution depends on the thickness of the donut shape beam which in turn can be 

adjusted by increasing or decreasing laser power. In theory the achievable resolution is 

unlimited, however, the increase in resolution is linked with the reduction of fluorescent signal 

[177]. Therefore, the resolution becomes a tuneable parameter that must be optimized alongside 

the excitation laser power while imaging [179]. This has strong implications especially for 
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fragile structures such as cells, as high laser intensity can contribute to phototoxicity in live 

cells or even thermal destruction in fixed cells [180].  

 The principle of work of STED microscopy limits the available number of fluorophores 

[170]. Moreover, multicolour imaging is challenging also because of the need for two laser 

beams for each colour. Recently, the search for new fluorophores with good properties for 

STED lead to the development of molecules with large Stokes shifts which can reduce the cross-

talk between the imaging channels [170]. The tuneable resolution can be also used as an 

advantage of STED. Eggeling et al. showed the application of STED fluorescence correlation 

spectroscopy for studying diffusion rates of single molecules in the plasma membranes [181]. 

Another advantage of STED is no need for extra reconstruction as the super-resolved images 

are created directly during the imaging.  

 The use of STED for LSEC research concentrates now mostly on live imaging. Di 

Martino and co-workers established a fast and simple protocol for studying LSEC with STED, 

showing two colour staining as well as live cell imaging [33]. Later, they used STED to study 

cytochalasin induced refenestration of dedifferentiated LSEC after 3 days of cell culture [182].  

Figure 8 The principle of stimulated emission depletion. Fluorophores are excited from ground (S0) 

into excited state (S1) and either depleted by the donut shape depletion beam or spontaneously 

transferred with the emission of fluorescent photon. 
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3.4 Scanning Electron Microscopy (SEM) 

The history of scanning electron microscopy dates back to the early 1930s when Ruska 

[183] and Knoll [184] independently worked on the development of the imaging technique for 

the surface of solid samples. In 1986, Ernst Ruska was awarded the Nobel prize in physics for 

his “fundamental work in electron optics, and for design of the first electron microscope”; he 

shared the prize with Binnig and Rohrer who designed the scanning tunnelling microscope (the 

precursor of AFM). After 1965, SEM started to be used in general research thanks to 

commercial development by two companies – the Cambridge Scientific Instrument Company 

in the U.K. and Japan Electron Optics Laboratory (JEOL) in Japan [185].  

The principle of SEM is based on the interaction of a scanning electron beam with the 

atoms that build the sample. Depending on the depth within the observed object, different types 

of signals can be distinguished, such as secondary electrons (SE), reflected or backscattered 

electrons (BSE), and characteristic x-rays/light (Figure 9). Various types of detectors can be 

installed in the SEM chamber to detect these signals. The imaging of cells is mostly facilitated 

by the in-lens or backscattered detectors that register secondary or reflected electrons, 

respectively. SEs have low energy and originate from the first few nanometres within the 

sample. The image contrast is related to the number of emitted SE which in turn depends on the 

angle between the beam and the sample surface. The result is a high signal from the steep edges 

and a lower signal from the flat surface. For LSEC this mode provides great contrast as 

Figure 9 The schematic of SEM microscope based on Zeiss, Gemini model and diagram of 

electrons and matter interactions and types of detectable signals (Zeiss); PE, SE, BSE – primary, 

secondary, and backscattered electrons. Adapted from [257][258]. 



Introduction 

23 

 

fenestration edges appear as bright compared to the dark flat cell body (Figure 2, right). The 

BSE have high energy and come from the bent primary electron beam and the signal depends 

on the chemical composition as atoms with heavy nuclei strongly backscatter electrons. The 

position of the BSE detector on the side of the specimen limits the number of electrons that can 

be registered; therefore, the scanning speeds are usually slower than for SE to achieve a similar 

signal to noise ratio. For LSEC imaging, SE mode provides better contrast, so BSE 

backscattered electrons are rarely used. 

The resolution of SEM can even go below 1 nm, but it depends highly on sample 

preparation which remains the main challenge for biological samples. The imaging chamber 

requires ultra-high vacuum conditions for uninterrupted use of the electron beam. Therefore, 

the preparation of samples such as cells must consist of dehydration and extensive chemical 

fixation to avoid structural damage. The surface of the sample must be coated with a conductive 

material to discharge the negatively charged electrons.  

The standard protocol for sample preparation of LSEC culture starts with wet chemical 

fixation with a formaldehyde and glutaraldehyde mix, followed by incubation with tannic acid 

and osmium tetroxide (protein and lipid fixation, respectively) [186]. Then cells are dehydrated 

in an ethanol gradient with the final step of either hexamethyldisilazane (HMDS) or critically-

point-drying  [23]. SEM was also successfully applied for studying fenestrations in vivo in the 

liver tissue samples. Perfusion-fixation allows for observation of LSEC in their native 

environment among the other liver cells without altering the 3D liver structure (Figure 2, left).  

3.5 Correlative techniques 

Combinations of more than one type of imaging technique are becoming a steadily more 

popular approach. Various combinations of optical (both normal and super-resolution), 

electron, atomic force, phase and Raman microscopy have been reported to date. Correlative 

techniques can provide additional information that might be crucial for solving some scientific 

problems. A good example of the achievable benefits is the study of beta-amyloid aggregation, 

which is involved in the development of Parkinson’s and Alzheimer’s diseases. Cosentino et 

al. [187] used AFM to validate their STED results and found that only a fraction of aggregation 

could be detected using fluorescent microscopy. The cause was determined to be the protein-

dye interaction that prevented some aggregation mechanisms. This example shows the strength 

of combination of label-free with dye-dependent techniques.  



Introduction 

24 

 

Correlative techniques can be useful not only for validation purposes but also to obtain 

extra information by taking advantage of the specific gains from each technique. For example, 

Butola et al. [34] combined dSTORM with quantitative phase microscopy for 3D LSEC 

imaging. Chip-based dSTORM provides a huge field of view (about 1 x 1 mm) and about 50 

nm lateral resolution and QPM has nanometric sensitivity in axial dimension. This combination 

allows super-resolution imaging in x, y, and z directions.  

The development of the chip-based methods allows for easy combinations of more than 

one type of microscopy. Helle et al. [188] showed that LSEC can be imaged on waveguides 

that provide total internal reflection (TIRF) illumination which allows the user to uncouple the 

excitation and collection light path. Later, Helle [189] and Diekmann [35] presented a super-

resolution chip-based approach that allowed observation of large fields of view (up to 1 mm2) 

with the nanometric resolution of dSTORM. These features made it a perfect setup for further 

combination with EM and waveguides can be also adjusted with additional landmarks for 

efficient co-localization of the regions of interest. Tinguely et al. [190] combined TIRF-

dSTORM with FIB-SEM to study the fate of FSA in LSEC, as a proof of concept. Fluorescent 

microscopy allowed identification of the position of FSA inside the cell and additional high-

resolution SEM data enabled the demonstration that it is inside endosomes and lysosomes.  

4 Image analysis 

Historically, microscopy techniques were developed to observe objects too small to be seen 

by the naked eye. In the fields of medicine and biology, it facilitated the detailed description of 

anatomical structures of many organisms which in turn helped to better understand their 

functions. Microscopy played a major role in those studies, but there are also two important 

aspects that deserve credit – sample preparation and image analysis.  

Image analysis provides meaningful, qualitative and quantitative information from images. 

In the beginning, it was performed mostly manually but recent developments in the 

computational sciences enable the acquisition, storage, and analysis of large quantities of data. 

Microscopy images can be analysed in various ways to extract specific information. For 

scientific studies, it is important that these methods are unbiased, reproducible and give 

meaningful measurements describing what is observed. It is also crucial to understand that 

image analysis is the final step after acquisition and sample preparation and all preceding steps 

can influence the final result and have to be taken into consideration. 
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The main interests of LSEC studies described in this project are segmentation and object 

classification. In modern digital microscopes, images are just graphic representations of the 

recorded numerical data. Each pixel carries information about its position and intensity of the 

detected signal (often described as brightness). All image analysis steps are mathematical 

operations on those numbers that can be displayed on the screen for our better understanding 

and possible optimization and evaluation [191]. Segmentation is a process that separates the 

image into distinct parts, called objects, based on selected parameters. One of the basic 

segmentation methods is thresholding, where objects are detected based on the intensity 

difference between them and the image background [192]. This type of separation is easy to 

accomplish for images with good contrast where objects are clearly distinguishable. A good 

example is fluorescent images where certain structures of interest can be directly stained to 

increase the intensity contrast. Thresholding can be applied manually by the user or with the 

use of an algorithm that adjusts the cut off values to different image parameters (percentage of 

maximum intensity, mean intensity, signal to noise ratio etc). Threshold-base segmentation can 

be done in any graphic software such as ZEN (Zeiss) or Fiji/ImageJ [193] manually or by 

integrated automated algorithms.  

Another approach for segmentation is based on machine learning. This method allows the 

training of a neural network algorithm on a small dataset of images and batch processing of the 

large quantitates of data. This enables great efficiency but requires good image quality among 

all images, and also is highly dependent on the available processing capabilities [194]. There 

Figure 10 An example of segmentation of SEM image of LSEC. Top part present raw data, 

bottom part a segmentation mask and middle part an overlap mask over the raw image [Paper IV] 
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are several available free software with user-friendly interfaces, so it does not require 

programming skills anymore. Weka Segmentation [195] is open access plugin for Fiji/ImageJ 

[193] that allows training on a single image and later processing of multiple images. Ilastik 

[196] is another independent, open-access software that can be easily applied for segmentation. 

It allows training on several images in a graphical user-friendly way and is being constantly 

developed to match the needs of the scientific community. CellProfiler [197] is a more 

complicated program than Weka and Ilastik so the entrance barrier for a novice user is 

significant. Nevertheless, it enables complex multi-modular image analysis and contains some 

built-in options optimized for certain types of experiments.  

Segmentation turns an image into a binary mask where the background is assigned with 

the value “0” and all detected objects with “1” (Figure 10). To obtain quantitative data, all 

objects must be analysed and assigned some numerical parameters. For studies of LSEC 

fenestrations, this part contains several following steps. To remove detected objects that are not 

fenestrations a size/shape filter can be applied so that only objects with a diameter of 50-350 

nm and roundness above 0.5 remain (roundness is a ratio between the major and minor axis of 

an ellipse fitted to each object). Depending on the image, other processing steps may also be 

needed – if the objects are clustered together (such as merged fenestrations) the watershed 

function allows the detection of the border between them. Removal of objects touching the 

edges of the image is also necessary to avoid the measurement of only partially detected 

structures. After processing, final binary masks can be statistically analysed to obtain 

quantitative data with parameters such as the number of detected objects, their size descriptors 

(area, min- max- mean- diameters), shape descriptors (roundness, circularity), spatial 

distribution/clustering. All those parameters can be then used in the analysis of biological 

samples.  
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The development of new therapeutics can be approached from two different angles – “top-

down” by drug testing performed on the whole organism, mostly animals, to observe potential 

improvements in the studied disease models or “bottom-up” by trying to pinpoint the molecular 

mechanisms at the cellular level responsible for the disease onset and then finding ways to 

resolve this. The first approach is becoming outdated as new technologies are being developed 

to give us a better insight into the causes of many pathological conditions. The second approach 

allows the reduction of the animal suffering by selecting agents that have promising in vitro 

results.  

 In this study, we establish and standardize the methodologies for studying fenestrations 

in primary LSEC in vitro, with an emphasis on drug screening. Different imaging techniques 

are discussed and developed for the purpose of high quality and high quantity LSEC imaging, 

especially the correlative approaches that combine more than one microscopy modality. We 

also establish new quantitative image analysis methods and guidelines for the most efficient but 

also most precise measurements.  The results will enable other scientists to choose the most 

optimal methods based on their research plans but also based on the available resources, such 

as microscope platforms or feasible timeframes. 

 To date, the complete molecular structure of LSEC fenestration remains unsolved. By 

analysing the existing reports on the effects of various agents, we were able to combine 

proposed hypotheses and propose both new possible therapeutics to improve LSEC porosity in 

ageing and disease, but also to set new directions for future research to get closer to the mystery 

of the mechanisms behind the structure and regulation of fenestrations in LSEC. 

This project was divided into the following subprojects, based on the discussed above 

research questions: 

1. Gathering the existing knowledge about the reported effects of various agents on LSEC 

fenestrations (Paper I)  

2. Finding problems in the old methodologies and based on these proposing novel imaging 

approaches (Paper II) and image analysis methods (Paper III) 

3. Exploration of the mechanisms behind LSEC fenestration regulation, structure, and 

dynamics based on the previous studies (Paper I)  

4. Proposing novel refenestration approaches based on the studied mechanisms (Paper 

IV)  
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Paper I 

Review: The wHole story about fenestrations in liver sinusoidal endothelial cells 

Objectives: Liver fenestrations have been studied extensively since the early 1970s and many 

agents affecting LSEC morphology have been described. In this review, we focused on 

systematizing the effects of medicines, recreational drugs, hormones, and laboratory tools 

(including toxins) on fenestrations. Also, various experimental models of liver diseases are 

described with an emphasis on changes in fenestrations.  

Methods: Subgroups of agents are discussed and their reported effects on fenestration diameter, 

porosity and frequency are summarised. The references were selected in a non-systematic 

manner which allowed us to include many reports from non-indexed sources such as conference 

proceedings. All the data was then combined and discussed in terms of different mechanisms 

behind the fenestration regulation, structure, and function. 

Results: The first section identifies commonly used medicines and recreational drugs with 

“positive” and “negative” effects on LSEC morphology. The reports on 

ethanol/cocaine/nicotine showed uniformly adverse effects on fenestrations, while some of the 

This scheme represents an attempt to unify the proposed hypotheses of mechanisms behind the 

structure and dynamics of fenestrations. Various signalling pathways involved in the regulation of 

fenestrations in LSEC are based on studies of LSEC (or other endothelial cells). LR – lipid raft, 

MLC – myosin light chain, CaM – calmodulin.  
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prescription drugs (such as metformin, sildenafil, or simvastatin) increased porosity and 

fenestration frequency. The second section discusses the relationship between hormones, 

especially vasoactive agents, and LSEC. We observed a correlation between 

vasoconstriction/vasodilation and fenestration diameter, decrease/increase, respectively, in the 

literature. In the third section, we summarised cytoskeleton disruption agents and their effects, 

mainly increasing the number of fenestrations. Also, chemically induced disease models are 

discussed as well as all various other agents influencing fenestrations. The last part of the 

review contains four different hypotheses of fenestration regulation based on the existing 

literature. Numerous cellular mechanisms which tune LSEC porosity are described, such as 

signalling via NO/ROS/Ca2+ or the involvement of the actin and spectrin cytoskeleton 

components. 

Conclusions: We believe that this review can enable researchers and physicians to estimate the 

effects of new therapeutics based on the proposed mechanisms and help better understand the 

influence of existing drugs on LSEC. 
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Paper II 

From fixed-dried to wet-fixed to live – comparative super-resolution 

microscopy of liver sinusoidal endothelial cell fenestrations 

Objectives: After over 50 years of studies on LSEC and fenestrations, the field still suffers 

from large discrepancies reported in the literature when different imaging techniques are 

applied. The data reviewed in Paper I showed major differences in the reported sizes and 

numbers of fenestrations measured using different types of microscopies. This article’s aim is 

to show where these discrepancies originate from, by combining multiple microscopy 

approaches in a correlative manner.  

Methods: LSEC were measured using four types of super-resolution microscopies – atomic 

force microscopy (AFM), structured illumination microscopy (SIM), stimulated-emission 

depletion microscopy (STED) and scanning electron microscopy (SEM). Each sample was 

imaged by two of the chosen techniques – SIM/SEM, STED/SEM, AFM/SEM, AFM/STED 

and fenestration diameters were analysed and compared. Force spectroscopy was applied to 

study differences between changes in the cell elasticity after fixation with formaldehyde (FA) 

and glutaraldehyde (GA) in comparison with live cells. 

Results: We observed ~30% dilation of fenestration diameter after dehydration during sample 

processing for SEM. This result can be used as a scaling factor for data comparison between 

different studies. The difference in fenestration size between wet-fixed cells measured by a 

label-free technique – AFM, and STED was about 10% and is mostly insignificant when 

comparing data from different studies. Changes in mechanical properties of the cells after 

fixation showed that GA-, but not FA-, fixation stiffens the cell enough to reduce the artefacts 

of AFM force imaging. The combination of non-super resolution fluorescent microscopy and 

Correlative SIM/SEM of fenestrated area of LSEC 
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AFM shows possibilities for post-labelling to combine chemical information with the 

observation of fenestration dynamics. 

Conclusions: The measurements of fenestrations can be obtained from the independent use of 

all presented techniques; however, their combination provides additional information from a 

correlative perspective. The difference in fenestration parameters observed in the past studies 

can be explained and avoided in future studies when differences in the cell preparation and 

imaging techniques are considered.  
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Paper III 

Quantitative analysis methods for studying fenestrations in liver sinusoidal 

endothelial cells. A comparative study  
 

Objectives: Both the size and number of fenestrations are crucial for maintaining the filtration 

of macromolecules between the bloodstream and the liver. The quantitative data about 

fenestration parameters can be obtained in several ways but to date, there is no standardized 

method. In this paper, we compare three different image analysis approaches (manual, semi-

automatic and automatic) by using them to analyse images from three different types of 

microscopies (atomic force microscopy (AFM), structured illumination microscopy (SIM) and 

scanning electron microscopy (SEM)). Moreover, we studied user bias in image analysis by 

comparing data obtained by five independent users. 

Methods: We compare 3 different image analysis methods – fully manual, semi-automatic 

based on the intensity threshold and automatic using machine learning software. High and low 

magnification AFM, SIM and SEM images were quantitatively analysed using three selected 

methods. Five different users were given identical data sets and asked to use all three analysis 

tools to study user bias.  

Results: All analysis methods showed some advantages and disadvantages which vary among 

the different types of microscopies, mostly due to image artefacts. The manual method proved 

Representation of the SEM image analysis 
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to be the most precise for counting the number of fenestrations, while semi-automatic methods 

gave the best precision for diameter measurements and the least user bias. The automatic 

method is the most efficient, however, it requires high-quality images.  

Conclusions: All three investigated quantitative methods can be applied to the analyses of 

fenestrations. The method selection should be based on factors such as the available imaging 

platform, the achievable image quality and the size of the image dataset.  
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Paper IV 

Effect of caffeine and other xanthines on liver sinusoidal endothelial cell 

ultrastructure 

Objectives: Xanthines, such as caffeine and theobromine, are among the most widely 

consumed stimulants in the world. They can be found in coffee, tea, and chocolate as well as in 

drug formulations for asthma and painkillers. Many health benefits of xanthines have been 

reported, however little is known about their effects on the liver. 

Methods: Cryopreserved rat LSEC were treated with low - 8-20 µg/ml, and high - 150 µg/ml, 

doses of caffeine, theobromine, theophylline, paraxanthine and sildenafil (a drug known to have 

a possible similar mechanism of action). Cell morphology was examined using SEM and SIM 

and viability was assessed through the FSA endocytosis assay.  

Results: No signs of toxicity were observed for all treatment groups. High doses of caffeine 

and theophylline showed significant increases in the number of fenestrations but due to the 

decreased fenestration diameter, theophylline did not affect porosity. Both high and low doses 

of theobromine also increased fenestration number but not porosity due to changes in the 

fenestration size. Sildenafil did not affect the number of fenestrations and only high doses (600 

ng/ml) significantly decreased fenestration diameter. Analysis of individual animals presented 

significant differences between rats. In general, high doses of xanthines show larger differences 

between the bio replicates.  

Conclusions: Low dose of theobromine appears as a possible treatment opportunity for, for 

example, age-related decreases in LSEC porosity. High doses of caffeine and theophylline 

Chemical structure of xanthines 



Summary of papers 

35 

 

could possibly be used to improve LSEC morphology, however, a targeted drug delivery system 

would be needed to avoid systemic toxicity or side effects. 
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5 Methodological considerations  

5.1 Systematic vs non-systematic review 

Paper I is a purposive (non-systematic) review article that focuses on liver fenestrations. 

The main risk factor for the non-systematic approach is the potential lack of a balanced 

perspective [198]. Systematic reviews have strictly designed inclusion criteria and articles are 

selected based on search engines in the available databases, making the results reproducible. 

This approach allows for quantitative meta-analysis but also paints a precise image of the state 

of knowledge about a certain research question. On the other hand, a non-systematic approach 

leaves authors greater inclusion flexibility and possibilities to address the problem from a wider 

perspective. This freedom can lead to a risk of purposeful or unwanted/ exclusion of some 

studies and shift the conclusions. Initially, we decided to follow the systematic approach as it 

is generally considered more valuable and impactful but, as explained below, we ultimately 

resorted to a non-systematic approach.  

In Paper I, we decided to sum up all the studies where various agents were tested on 

LSEC. The main inclusion criterium was reported quantitative data about porosity or 

fenestration size or fenestration number. The preliminary results from the optimization of the 

systematic review process led us to many articles that refer to studies in non-indexed volumes. 

We discovered this is due to the research history within the research community studying the 

liver sinusoid. In the years 1977-2001, a great amount of data was published in the proceedings 

of the most important conference in the field – The International Symposium on Cells of the 

Hepatic Sinusoid. These biannual meetings were concluded with the release of a book by the 

Kupffer Cell Foundation containing research articles from the participants. Even though these 

reports did not go under the standard peer-review process, the amount and quality of the data 

within them influenced our decision to include them and therefore proceed in a non-systematic 

way. Moreover, the Kupffer Cell Foundation books were released in a very small number of 

copies and are not available online, so the data is practically inaccessible for a regular reader. 

By including those findings in Paper I, which is published in a gold open access standard, we 

provided extra insight into those volumes to all readers. Also, the non-systematic approach and 

inclusion of a broader spectrum of articles allowed us to add a whole section about the structure 

and regulation of fenestration based on both LSEC studies and more general mechanistic 

information from reports on signalling pathways in other vascular endothelium.  
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5.2 Cell isolation and culture 

Animal models 

The use of animals in research is a regularly discussed issue in both the scientific 

community and by the public. The ethical dilemma needs to be addressed but by the same token, 

there is still no alternative for some use of animal models. A good example is preclinical studies 

in drug development – animals fill the missing gaps between testing the compound on cell lines 

and human trials. In the context of liver research, the main focus is the toxicity of studied 

compounds as almost 75% of all post-market drug withdrawals in the United States from 1975 

to 2007 were due to liver and/or cardiovascular toxicity [142]. We can assume that those 

numbers would be even higher if no animal tests were conducted in the preclinical phase.  

The definitions of a “research animal” and “procedure” differ between the countries 

which hinders the comparison between the reports about the use of animals in research. 

Nevertheless, the total number of animals used for scientific purposes was estimated to be 

almost 200 million worldwide (data for 2015) [199]. Authors of this report estimated that 

around 1/3 of all animals are used by China, Japan, and the USA - 20 million, 15 million and 

14 million, respectively. The estimation of the number of used animals was not possible due to 

reporting exclusion/inclusion criteria in different countries – for example, US reports do not 

include rodents or birds which constitute around 93% of research animals reported in Europe 

[199]. The EU reported the use of 10.6 million animals in 2018 (Norway was included for the 

first time in that year in the statistics) [200] with over 50% being mice. Norway alone declared 

2.3 million research animals in 2020: 2.2 million fish, 50 222 mice and 3355 rats [201].  

In liver research, many different species are in use nowadays. For basic research and 

early-stage drug development, rodent models are mainly used with mice and rats being the most 

popular and practical choices. Mice are usually an animal of choice for studying ageing and 

age-related diseases as the mouse lifespan of about 2-3 years, and genetical similarity to humans 

of over 90% [202]. The studies on LSEC were conducted on many various species, including 

popular lab animals such as mice, rats and rabbits, but also baboons, bats, cats, chickens, goats, 

guinea pigs, pigs, sheep, and trout have been used [4][203][204]. In the history of LSEC 

research, many species were used just to show that fenestrated morphology is prevalent in all 

vertebrate species examined. The selection of the animal model depends on many factors 

related to a particular research question.  
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This project was based on primary LSEC isolated from mice and rats. Rodent models 

were the only available sources of cells at the time that this thesis work was carried out at UiT 

the Arctic University of Norway. Nevertheless, the thoroughly optimized protocols for mouse 

and rat liver perfusion and cell isolation would make rodents the model of choice. In Paper IV, 

we decided to use the cryopreserved rat LSEC isolated at our collaborator lab – the ANZAC 

Research Institute in Sydney, Australia. The freezing protocol developed by Mönkemöller et 

al. [205] allows long term storage and transportation of LSEC and the cells can be revived 

without loss of fenestrated morphology or endocytic capacity. The possibility to ship the cells 

was crucial for the project due to the prolonged closure of the Unit of Comparative Medicine 

at UiT (AKM, Norwegian: Avdeling for komparativ medisin). It is also a very practical solution 

as cells from the same animal can be used for several experiments that could not be performed 

on the same day. Moreover, more efficient use of isolated cells results in a lower number of 

animals required for the project and is in line with the 3R rule for humane experimental 

technique (3R – replacement, reduction, and refinement). The decision to use mouse LSEC in 

Paper II was dictated by the previous preliminary results using mouse LSEC. This article was 

possible thanks to a collaboration between multiple research institutions and cell isolation from 

only mice was possible at all places. Paper II is method development-oriented, so the choice 

of animal model has only minor, if any, influence on the results. Similarly, Paper III focuses 

on image analysis for different kinds of microscopy, so the datasets were obtained from samples 

of both mouse and rat LSEC.  

In vivo vs in vitro 

 The in vitro and in vivo approaches are often considered competitive, while actually, 

they provide complimentary information [206]. In vivo, Latin for “within the living”, refers to 

the experiments performed on the whole living organism. In drug development and liver 

research, it refers mostly to the animal treated with a selected dose of the studied agent or in 

some cases, to ex vivo perfusion of the liver with a selected concentration of the agent. For 

fenestration research, the term in vivo is also commonly used to describe LSEC observed in 

tissue in comparison to the isolated cells (Figure 2). Due to their nanoscale size, fenestrations 

have never been shown inside the living organism which explains the not fully correct use of 

the term in vivo within the field of LSEC research. In cell biology, the term in vitro, Latin for 

“in/on the glass”, indicates experiments performed on samples outside of their normal 

biological context. In LSEC studies, it refers to the cells after isolation.  
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 Drug screening is a particular field where the combination of experiments performed on 

cells and the whole organisms is crucial. In the preclinical phase of the drug development, all 

in vivo studies must be preceded by testing the compounds on the cellular level. That is a 

requirement for most animal research committees to reduce the testing on animals. Single-cell 

isolation allows preliminary testing of many drugs in a time- and dose-dependent manner which 

with the in vivo approach would lead to the sacrifice of dozens of animals. Moreover, in vitro 

experiments provide information about drug influence at the cellular level which helps with 

both the assessment of desired therapeutic effect and the prediction of possible side effects. The 

target determination is usually easier to demonstrate on the cell of interest while other negative 

effects require testing on many different cell types. For example, the guidelines for preclinical 

testing of anticancer drugs suggest in vitro studies on various cell lines [207]. Notably, those 

recommendations do not emphasize any extensive studies on liver cells even though 

hepatotoxicity is the main cause of the withdrawal of drugs in clinical trials. Additional in vitro 

tests on liver cells and in future in bio-reactors with multiple hepatic cells can benefit drug 

development. Moreover, the co-culture approach provides a more physiological testing 

environment that can help to close the gap between in vitro and in vivo study designs [208], 

[209] [210].  

Primary cells vs cell line 

LSEC lose their characteristic fenestrated morphology and other specific cell markers 

within a few days in cell culture [182][211]. Therefore, all in vitro experiments require freshly 

isolated primary cells. The most popular animal models for studying LSEC are rodents – mice 

and rats, but there have been studies on many other species [4]. Human LSEC have also been 

characterised in detail from both adults [212] and foetal sources [213]. 

Cell lines are the usual alternative to primary cells for the in vitro studies, however, 

establishing an LSEC cell line has proven to be challenging. There were several attempts to 

immortalize human and mouse LSEC with varying success rates [214][46][215][216][217] 

[218][219] (reviewed in [220]). Most cell lines showed some limited uptake of FSA and/or 

LDL which confirms the preservation of limited receptor-mediated endocytosis. Some 

expressed other LSEC-like features such as CD31, CD34 and von Willebrand factor (VWF) or 

showed a response to vascular endothelial growth factor (VEGF). Two reports [46][216] 

presented fenestration-like structures and one study showed an endothelioma cell line with 
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inducible fenestrations [219] but with parameters far from the primary cells. Fully functional 

fenestrations in a cell line remain the “holy grail” of the LSEC field.  

This project focused on fenestrations and LSEC drug response, which could not be studied 

on cell lines as none of them have well enough preserved characteristic LSEC morphology. The 

reasoning was supported by our own previous experience with some LSEC cell lines. Therefore, 

each experiment was preceded with primary cell isolation and only fresh or cryopreserved 

LSEC were used.  

LSEC viability and endocytosis 

The assessment of viability is crucial in the studies of drug response to separate the direct 

effect of the agent from the secondary effect resulting from cell toxicity. For LSEC, their 

endocytic capacity can be used as a parameter to measure cell functional viability. Healthy 

LSEC efficiently take up FSA by well-described clathrin-mediated endocytosis [72] and 

radiolabelled FSA can be used in a quantitative assay to measure both the cell-associated and 

degraded fractions [221][58][222]. Degradation of the ligand can be affected independently 

from receptor-mediated uptake, for example, if tubulin is disrupted and transportation to 

lysosomes is affected or if there are other endocytosed compounds causing “traffic jams” within 

the cell. Reduction in FSA uptake is associated with ageing [74] and hepatotoxic effects of 

drugs [75] but also with dedifferentiation in prolonged cell culture of LSEC [211]. 

In Paper IV, the measurement of FSA uptake has a dual purpose. Firstly, to determine 

the preservation of endocytic capacity in cryopreserved LSEC and secondly, to assess the cell 

viability after treatment with xanthines (caffeine, theobromine, theophylline, paraxanthine) and 

sildenafil. The untreated control groups showed high FSA uptake and degradation that match 

well with the results of freshly isolated cells. The degradation rate of about 40-50% for 2h 

experiment is considered typical for rat LSEC. The number of the cells revived after 

cryopreservation varies between the isolations/animals which affect the absolute values of 

endocytosis (measured as % of the ligand removed from the supernatant). Therefore, the results 

are presented as normalized to the control so all experiments can be presented and analysed 

together. Treatments did not affect the cell-associated fraction and only caffeine showed about 

20% decrease in the degraded fraction, which perhaps indicates a light toxic effect. From our 

experience with other toxic compounds, we know that the degraded fraction is usually the first 
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affected, so the used caffeine concentration of 150 µg/ml is perhaps on the edge of the toxic 

dose.  

LSEC (structural) viability can also be assessed from the morphological features using 

microscopy techniques. However, this method allows only to distinguish cell necrosis and late 

apoptosis that have clear morphological features. To study more subtle and gradual changes, 

that are important in drug screening, different functional viability assays are necessary.  

5.3 LSEC imaging 

LSEC are challenging samples in many ways and good imaging protocols are crucial for 

visualization of fenestrations. There are several factors that need to be considered for successful 

LSEC imaging such as resolution – fenestrations are nanometre-size; sample preparation – from 

the surface coating to different fixation and staining methods; and the selection of the imaging 

technique or image analysis method [223]. In this project, we tried to optimize several types of 

microscopies in a correlative manner and discuss the achievable resolution, as well as analyse 

differences between commonly used fixatives (Paper II). We also evaluated different methods 

of image analysis and proposed new ones to improve their efficiency for different types of 

imaging techniques (Paper III).  

Resolution 

 The resolution is a key factor in LSEC imaging. The diameter of fenestrations varies 

from about 50 nm to 350 nm but holes above that size are often also observed in vitro and called 

gaps. This means that to observe all fenestrations, a technique that can resolve objects as small 

as 50 nm was necessary. The ability to distinguish two objects as separate is called resolution 

and is described as the minimum resolvable distance between those two points (Figure 11). 

There are several ways to determine the resolution limits of microscopy techniques and the 

achievable resolution is a combination of many factors [224]. Electron microscopy can resolve 

objects even below 1 nm so it does not need to be considered for LSEC imaging in this section, 

but optical techniques have a resolution within the fenestration size range and so here only 

optical diffraction limits will be discussed. 

 The resolution is a key factor in LSEC imaging. The diameter of fenestrations varies 

from about 50 nm to 350 nm but holes above that size are often also observed in vitro and called 
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gaps. This means that to observe all fenestrations, a technique that can resolve objects as small 

as 50 nm was necessary. The ability to distinguish two objects as separate is called resolution 

and is described as the minimum resolvable distance between those two points (Figure 11). 

There are several ways to determine the resolution limits of microscopy techniques and the 

achievable resolution is a combination of many factors [224]. Electron microscopy can resolve 

objects even below 1 nm so it doesn’t need to be considered for LSEC imaging in this section, 

but optical techniques have a resolution within the fenestration size range and so here only 

optical diffraction limits will be discussed.  

 A full understanding of resolution limits requires insight into light and matter 

interaction. In fluorescent microscopy, each individual fluorophore molecule can be treated as 

a single point object. Each microscopy setup has a distinct diffraction pattern from a point 

source called the point spread function (PSF). The observed image is a combination of the 

actual object and the PSF that is responsible for “blurring” limiting the resolution. There are 

different ways to access the resolution based on criteria proposed by Rayleigh, Abbe and 

Sparrow (Figure 11). The first one defines objects as separate if the diffraction central 

maximum of one object is no closer than the first diffraction minimum of the other object. The 

second criterium considers two objects as resolved if the distance between them is not smaller 

than half of the wavelength of the imaging light. The last one defines objects as separate if the 

intensity in the midpoint between the peaks shows a minimum [225].  

Figure 11 The representation of different resolution limits. Reproduced from [259] 
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The fourth criterium that must be additionally considered is related to the sampling rate. 

The Nyquist frequency is usually defined for signal processing but for microscopy, it can be 

related to the labelling density that can influence the resolution. To observe an object of a 

certain size we have to sample it in intervals of no more than half of the object size. In a practical 

setup, it means that the pixel size must be at least half of the object size and the pixel size should 

be in accordance with the resolution. For optical techniques, it is realised by the adjustment of 

the digital pixel size and for AFM in QI mode by changing the spatial density of the acquired 

force curves that are calculated into the final image. Often in post-processing, the original pixels 

are split for more accurate image analysis, especially if automatic software is used.  

All these technical aspects had a great influence on the data analysis in Paper II and 

Paper III. Both SIM and STED microscopy are getting more popular as an alternative to EM, 

but their resolution is just on the edge of the small fenestration detection. After collecting data 

for review Paper I and for some of our previous studies [29], we discovered major differences 

between the reported fenestration size distributions for various kinds of microscopy. The 

correlative approach allowed us to observe and measure LSEC fenestrations with SIM and 

STED while using EM as a “ground truth” for the detection of fenestration. Therefore, we knew 

that we were measuring only the fenestrations not any fenestration-resembling objects or 

imaging artefacts. SEM images were also used as a scale reference, independently from the 

microscope calibration. Interestingly, we were able to detect holes as small as 80 nm which is 

below the theoretical SIM resolution. There are several factors that might contribute to this. 

Firstly, the final SIM image is reconstructed in a post-acquisition process that can possibly 

make some fenestrations appear smaller. Secondly, fenestrations are actually negative objects 

with no signal while the surrounding cell membrane is densely stained. The strong fluorescence 

can improve the signal-to-noise ratio and have positive effects on image reconstruction and 

resolution. Finally, the image analysis method is sensitive to the edge detection of fenestrations 

which in fluorescent microscopy images is blurred due to the PSF.  

Selection of the imaging technique 

Ideally, the imaging technique should be chosen based on the optimal performance for 

each type of experiment, however, it is usually dictated by the local availability of the 

microscopes. In Paper II we took advantage of the access to many types of microscopy 

modalities to provide a comparison between them. Our observation can serve both as a 
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reference to compare the existing results obtained using different imaging techniques, as well 

as provide guidance for selecting the right methods for the research question of interest. 

When studying the mechanisms behind the fenestration regulation, it is crucial to 

precisely determine the changes in the size and number of fenestrations. The choice of imaging 

technique can influence the observed number of fenestrations due to the resolution and three-

dimensional structure of LSEC. For example, SIM fenestrations below 80 nm cannot be 

resolved, apparently lowering the overall number. Moreover, some sieve plates can be placed 

close to the nucleus and disappear in the z-projection where images from different focal depths 

are summed up. This means that SIM is not an optimal technique for the precise analysis of 

fenestration number, especially if a decrease in size is predicted. The resolution issue can be 

reduced by using for example STED or dSTORM but some fenestrations, especially in 

perinuclear regions, or within overlapping cells, may remain unresolved. The fenestration 

number can be measured more precisely using AFM and EM thanks to the label-free nature of 

those techniques. AFM benefits from easy sample preparation and imaging in wet conditions 

but obtaining high-resolution images of the whole cells is time-consuming. The acquisition of 

a single image with a pixel size of 40 nm can take over 30 min which makes it highly impractical 

for a large number of samples. SEM remains the most time-efficient and, thanks to excellent 

resolution, the most precise technique for the determination of fenestration number. On the 

other hand, the sample preparation for EM requires complete dehydration which raises the 

question of possible deformation of fenestration shape/size as well as of new fenestration 

formation as an artefact. In Paper II we observed only a few fenestration-like structures that 

were identified as artefacts caused by sample drying, but their number was insignificant in 

comparison to the thousands of fenestrations measured. We were able to detect those artefacts 

by combining AFM and SEM correlative imaging. Those observations also agree with the 

physical properties of the cell membrane. The fusion of lipid bilayers to form fenestration-like 

structures requires additional energy [226]. 

Hunting the “true size” of fenestrations 

The measurement of the fenestration size proved to be more challenging than the 

determination of the fenestration number. The range of average fenestration diameters in 

control/untreated LSEC reported in many different studies varies from about 75 nm to even 

over 250 nm [29]. There are some clear trends pointing out differences between imaging 

techniques and between in vitro/cell and in vivo/tissue data (Supplementary table in [29]). 
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Paper II provides some clarity by multimodal measurements of the exact same cells/samples 

and explains the differences in fenestration size observed between the techniques.  

In physiological conditions, the fenestration diameter regulates the sieving properties of 

the liver. By using labelled chylomicron particles, it was possible to indirectly assess the 

fenestration size. Back in 1982, de Zanger and Wisse [227] orally administered rats with corn 

oil and measured the fraction of the chylomicrons in the plasma and in the space of Disse. Their 

data clearly confirmed that the size of particles filtered out of the blood (20-450 nm) matched 

the measured fenestration size (40-400 nm, TEM in vivo). The presented TEM images of liver 

tissue showed very good preservation and the mean fenestration diameter of 103 nm with a 

range of 30-250 nm. This result corresponds well with the other in vivo results. In general, the 

diameters measured in vivo are smaller than those measured in vitro. Steffan et al. [228] showed 

about 30 nm difference in fenestration size between the in vitro and in vivo samples which 

corresponds well with the general trends reported in [29].  There are several possible factors 

that contribute to that difference. EM remains the only reported technique for imaging 

fenestrations in tissue, whether in the tissue blocks or sections. That may soon change as recent 

developments in chip-based super-resolution microscopy enable the use of dSTORM for the 

imaging of tissue sections [229].  

The dehydration step in the sample preparation for EM influences tissue and cells in a 

different way. Tissue blocks shrink nearly uniformly in all directions which would influence 

cell shapes in the whole 3D structure [230]. Compared to other microvascular endothelium, 

LSEC in vivo are not directly attached to any substrate or other cells so the shrinkage of the cell 

body would result in folding that decreases the observed fenestration size. In in vitro conditions, 

LSEC are seeded on a flat substrate. Dehydration causes a reduction in the cell body volume 

but attachment to the surface does not allow to uniformly shrink the whole cell. Therefore, 

fenestrations appear dilated as the cell membrane stretches to compensate for the volume loss. 

We observed that effect clearly in Paper II when samples were first measured in wet conditions 

using AFM or SIM/STED and then dehydrated and visualised by SEM. Fenestration size 

increases about 30% in that process. The EM data from previous reports obtained for both in 

vitro and in vivo conditions support the hypothesis that dehydration is the main cause of the 

observed differences.  

The dehydration-related fenestration dilation may have implications for drug screening 

EM results. The exact structure of fenestration is not fully known, but the existing data clearly 
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show that each hole is surrounded by an actin cytoskeleton [32]. We believe that the fine-tuning 

of the fenestration size is facilitated by some protein systems that include actin-binding 

proteins, such as spectrin [43] or myosin [4] and membrane anchoring proteins among the 

others. Moreover, the fusion of the lipid bilayer and maintenance of the opening is an energy-

consuming process [226] so there must be some rapidly acting molecular system to open and 

close fenestrations. We showed previously that some agents such as iodoacetic acid can cause 

“blinking” of the fenestrations within seconds [43]. The dehydration-related dilation may affect 

the connection between actin and cell membrane preventing observation of full changes in 

fenestration size that are unrelated to the actin skeleton remodelling. These preliminary 

observations need to be further checked to confirm the effect of dehydration and previous 

results of the effects of some agents on fenestration diameter obtained using EM should be re-

evaluated. It is especially important to be able to measure even small changes as any differences 

in fenestration diameter distribution can affect the filtration within the liver.  

Live and fixed cells 

 Imaging live and fixed cells has advantages and disadvantages that need to be 

considered. For drug screening where large quantities of samples are required to study both 

dose- and time-dependency, fixation is a necessity to achieve enough efficiency. Live cell 

experimental throughput is very low and proper comparison between experiments is especially 

challenging for primary LSEC as their condition changes rapidly within the first 24 h after 

isolation. On the other hand, direct observation of the drug effect in real-time can give an extra 

insight into the mechanism of action. Ideally, a combination of live and fixed cell imaging 

should be applied to fully understand the effect of the studied agents.  

 To date, successful live LSEC imaging was reported using AFM [29][50] STED [33] 

and SIM [231] microscopy. AFM, as a label-free technique, minimizes the interference with 

the cells and avoids phototoxicity. Fluorescence-based microscopies require staining which can 

interfere with the LSEC dynamics and/or lead to toxic effects from the high laser intensity. 

Indeed, di Martino et al. [33] used STED to showed no morphological changes in time after 

staining with CellTraker for about 90 minutes, compared to the AFM data where even untreated 

cells showed certain dynamics. The addition of cytochalasin D after staining led to the creation 

of fenestration like structures, however their size and arrangement suggested they were gaps 

resulting from toxicity rather than de novo formed sieve plates. Svistounov et al. [48] 

demonstrated a strong relationship between cell membrane composition and fenestrations 
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which strongly suggest that dyes that interfere with the cell membrane can influence LSEC. 

Our preliminary data in this matter confirmed the lack of fenestration dynamics and response 

to cytochalasin after membrane staining.  

Image analysis 

 The quantitative analysis of LSEC images is crucial for drug screening as it allows 

precise measurement of changes in fenestration parameters. There are several different 

approaches to obtain numerical values from the images, from manual counting and 

measurement to fully automatic machine learning. The overview of the existing reports on 

LSEC fenestrations from Paper I showed major differences in the analysis methods and their 

possible influence on the observed drug effects. Together with different imaging techniques, it 

makes comparing between the separate studies a challenge. In Paper III, we propose three 

different analysis methods and test them on images obtained with three commonly used types 

of microscopy – AFM, SIM and SEM. This article can act as both a guideline for future 

quantitative analysis of LSEC, as well as help with a comparison between the existing data.  

 In many reports, the description of the exact measurement methods for fenestration was 

often omitted, especially if it was performed manually. The lack of standardization in both 

description of the fenestration parameters and exact protocols to extract these quantitative data 

makes the comparison between the studies cumbersome. The most commonly used parameters 

are fenestration diameter, fenestration frequency (number of fenestrations per cell area) and 

porosity (percentage of the cell area covered by fenestrations), but some reports present data as 

a number of fenestrations per image or even “total fenestral diameter” [232]. In Paper III, we 

propose to additionally analyse the shape descriptors of fenestrations as the pores do not always 

appear perfectly circular but rather have an elliptical shape. Therefore, minimal, and maximal 

diameters can be described as well as their ratio called roundness and be used as an additional 

parameter for comparison between imaging techniques or drug treatments. We used these 

additional shape descriptors in Paper II to emphasize the differences observed between wet-

fixed and fixed-dried cells.  

 There are several published methods for the analysis of LSEC images, but most 

concentrate on one microscopy technique and one image analysis method. Cogger and 

colleagues included the manual measurement methods in their standardized protocol for LSEC 

preparation using SEM [186]. For fluorescence images, there are two proposed methods: a 
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semi-automatic method based on contour detection [33] and an adaptive threshold image 

segmentation [233]. For AFM images, a manual approach for both fenestration size 

measurement and number quantification was described by Zapotoczny et al. [234]. Paper III 

is our attempt to propose more standard image analysis protocols with precise descriptions to 

enable users to apply them to any datasets. We also compare the application of the proposed 

methods to three types of microscopy images and finally study the user bias. The selected 

methods are based on their low entrance barrier, user-friendliness, no extra computing skills 

requirement and availability of open-access software. The manual approach is already widely 

used, but here we optimize the protocol by adding the measurement of both minimal and 

maximal diameters. This way the method becomes less biased to the choice of the user, 

especially for less circular, elongated holes. Double measurement also provides the additional 

shape describing parameters for comparison. The semi-automatic way is based on the intensity 

thresholding and allows great improvement of the efficiency over the manual approach, 

however at the cost of accuracy in the detection of fenestrations. We showed that especially for 

SEM images, the threshold method can underestimate the number of detected holes. On the 

other hand, this approach showed the best accuracy in the size measurements and the least user 

bias. The fully automatic approach is designed for the best time efficiency but at the cost of 

lower accuracy and sensitivity to artefacts. We proposed the use of open access machine 

learning software Ilastik [196], but similar results should be achievable using other trainable 

segmentation algorithms.  

 Paper III provides optimized image analysis protocols that help the potential user to 

choose the most suitable methods for each experiment. In Paper II, we applied the semi-

automatic and automatic methods from Paper III to analyse the differences between 

fenestrations measured with various types of microscopy in a correlative manner. The 

automatization of the analysis allowed us to analyse thousands of fenestrations in each group. 

To improve the overall accuracy, we optimized the measurement by adjusting the image 

analysis method to each microscopy pair. In Paper IV, we also used a combination of two 

methods that we showed previously to be the most accurate for each parameter – manual for 

counting fenestrations and semi-automatic for diameter measurement. Those results show that 

the application of the right image analysis method is crucial to obtain as much information from 

the datasets as possible. The development in imaging techniques must be matched with the 

updates in image analysis to fully use their potential in for example drug screening studies. 
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Moreover, the optimization of the image analysis allows the adjustment to the lower quality 

datasets from less advanced or older microscopes.  

To better understand the changes in the fenestration diameter distribution in Paper IV, we 

proposed a size-dependent classification of holes into small (<100 nm), medium (100-200 nm) 

and large (>200 nm). De Zanger and Wisse [227] showed that the chylomicron filtration size-

based selectivity depends on the fenestration size. High, and low-density lipoproteins (HDL, 

LDL) have a diameter below 100 nm while cholesterol-rich chylomicron remnants are usually 

bigger. The detailed analysis of changes in the whole fenestration size distribution allows us to 

better predict the physiologically relevant changes in filtration than a simple comparison of 

average sizes would. For example, an increase in the number of small and large fenestrations 

and a decrease in medium-sized ones may not affect the average value significantly but the 

wider diameter distribution would have an effect on the filtration selectivity. We proposed in 

Paper IV the use of Gaussian fit into the data for better assessment of the distribution, next to 

the detailed analysis of the small/medium/large fractions. The centre of the distribution 

corresponds to the most commonly occurring size of fenestration and reduces the influence of 

the outliers. In Paper III we showed that especially SEM images of LSEC analysed with the 

semi-automatic way can detect some pits in the cell membrane as fenestrations. These “false” 

detected objects usually also have a normal distribution with the centre around 100 nm and can 

be separated from the fenestration using two separate Gaussian distribution fits. Preliminary 

data for Paper IV suggested that there may be a shift of fenestration size towards smaller 

diameters. Therefore, to avoid that problem we manually removed the false positive objects 

after segmentation during image analysis. This adjustment reduced the time efficiency of the 

method but increased the fenestration detection accuracy.  

6 Drug screening 

The study of drug effects on LSEC can have a dual purpose. Firstly, it allows for testing 

the influence of the possible future medicines in vitro as a part of the preclinical drug 

development process. Secondly, agents with known mechanisms of action can be used to better 

understand the molecular regulatory mechanisms in LSEC. This project is a combination of 

both approaches. In Paper I, we review the existing knowledge about the effects of various 

drugs on LSEC fenestrations and based on the reported methods we propose the optimized 

screening protocols in Paper II and Paper III. Later in Paper IV, we apply the improved 

analysis methods to study the influence of the xanthines on LSEC in vitro. In the second part 
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of Paper I, we discuss the cellular mechanism of action of drugs in the context of fenestration 

structure and LSEC regulatory systems.  

The costs of bringing a drug to the market can be counted in hundreds of millions of dollars, 

with the main expense being clinical phase I to III trials [235][236]. Only about one out of ten 

drugs tested in phase I get to market [237]. These statistics show the area for improvement in 

pre-clinical drug screening. Both animal testing and in vitro models dramatically reduce the 

number of potentially successful compounds. Nevertheless, 90% get through the entire 

approval process just to meet rejection later, mostly due to unpredicted hepatotoxicity [142]. 

The improved preclinical models for testing drugs on livers and liver cells may improve the 

success rate in drug development. The main focus of this project is on LSEC. However, the 

developed methods can also be applied to multicellular co-culture models. The organ on a chip 

technology [208], various kinds of bioreactors [209] or in vitro organoids [210] are promising 

platforms for future drug screening.  

The direction of the research is nowadays aimed toward a “bottom-up” approach instead 

of the historical “top-down”. New agents are designed to fix certain molecular problems and 

are even designed in silico to precisely target certain receptors or genetic sequences [238]. This 

way, in the early stages, tens of thousands of molecules are designed as possible therapeutics 

which can then be tested at the cellular level. At this stage usually only the targeted effect is 

examined, with only a minor evaluation of possible side effects in other cells/organs/tissue. 

Hepatotoxicity is the main concern in drug development, however, in many cases the certain 

levels are acceptable until later phases and the focus is directed more towards the development 

of protective agents or possible direct-acting analogues [139]. The in vitro drug screening on 

liver cells enables early detection of the hepatotoxic effects and helps to point out the exact 

molecular mechanisms that can be counteracted.  

6.1 LSEC and xanthines 

The side effects of some therapeutics are not necessary only negative. Some unexpected 

side effects can be used in therapies for unrelated conditions. An interesting example is 

sildenafil - the commercial name Viagra - which was developed to treat hypertension by dilating 

blood vessels in the heart. In phase I of the clinical trials researchers discovered that sildenafil 

also can be used for the treatment of erectile disfunction in men [239]. Later, it was also shown 

to improve liver regeneration [240] and was even used as a part of the NAFLD treatment [241]. 



Discussion 

51 

 

Hunt et al. [143] reported sildenafil increases LSEC porosity in both young and old mice and 

induces fenestration dilation in old mice. Sildenafil causes elevated cGMP levels via selective 

inhibition of phosphodiesterase type 5 (PDE5) and the ATP-binding cassette C5 (ABCC5) that 

are responsible for cGMP degradation and efflux, respectively [242]. A similar but less specific 

mechanism of action was reported for xanthines [243] which are the main focus of Paper IV.  

Xanthines can be found in food and beverages – caffeine in coffee and tea, theobromine in 

chocolate, theophylline is in use as an asthma medicine and paraxanthine is the main caffeine 

metabolite that reaches higher plasma concentrations than any other xanthine [244]. The long 

history of consumption of xanthines and approval for medical use has major implications for 

possible future applications. In Paper IV, we studied xanthines in two concentrations – 8/20 

µg/ml which is a physiologically achievable plasma level after consumption of regular 

food/drinks/medicines containing xanthines, and 150 µg/ml which would be toxic as a plasma 

concentration but achievable locally if used in a targeted drug delivery system (such as 

liposomes or nanoparticles). Caffeine is metabolized by hepatocytes with the CYP1A2 enzyme 

to theobromine, theophylline and paraxanthine [245]. In rodents, all three metabolites are 

present in the same ratio [246][247], while in humans, about 80% of caffeine is metabolised to 

paraxanthine [243][248]. The differences in the metabolism and clearance rate can lead to 

higher plasma concentrations of the metabolites than the original compound. Moreover, 

caffeine and its metabolites are pharmacologically active and may simultaneously contribute to 

the overall effects if acting through the same molecular mechanisms [247].  

The Paper IV results showed increases in fenestration frequency after treatment with high 

doses of xanthines but mostly without significant changes in porosity due to compensation by 

a decrease in fenestration size. In lower concentrations, only theobromine caused increases in 

fenestration frequency. The detailed analysis of the changes in fenestration size distribution 

showed a general trend of the increase in holes below 100 nm and a decrease in holes above 

200 nm. This result may have a physiological implication in the reduction of the filtration of 

chylomicron remnants larger than 200 nm. On the other hand, increased fenestration frequency 

after therapeutic treatments could improve the filtration of molecules present in plasma. To 

fully understand the influence of fenestration number and size on liver filtration, detailed 

analysis and computer modelling are needed. Nevertheless, the improvement in the fenestration 

frequency is a promising result for the use as a treatment against conditions causing reduction 

of fenestrations, such as ageing. 
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In humans, caffeine metabolism rates vary between individuals, which manifests as 

different sensitivities to coffee/caffeine [245]. The main cause of this variation was identified 

in the activity level of the CYP1A2 enzyme, which is responsible for caffeine metabolism 

[249]. The use of cells from 3 rats allowed us to study the individual animal differences. We 

observed high variations in the response to the treatments between the animals, especially with 

the higher concentrations of xanthines. It is not known if LSECs can metabolise caffeine, but 

according to Bhandari et al. [70], LSEC do not express CYP1A2, and so the observed 

differences may have other causes. The cells in this study were isolated from male Sprague 

Dawley (SD) rats, which are an outbred rat stock. The study of whole genotypes of SD rats 

showed large differences between animals, even from the same breeding facility [250]. The 

exact molecular mechanism of action of xanthines on LSEC is not known. Hunt et al. [143] 

showed that sildenafil changes intracellular cGMP and proposed the involvement of NO/cGMP 

pathway. Xanthines can also influence cGMP levels by non-selective inhibition of PDEs 

responsible degradation of cGMP (sildenafil is a selective inhibitor of PDE5 [251]). Detailed 

measurements of the intracellular cGMP will be required to confirm this mechanism. A better 

understanding of fenestration structure and regulation may also help to delineate the exact 

mechanism of action of xanthines. 

6.2 Structure and regulation of fenestrations  

To date, the exact molecular structure and regulatory mechanisms of fenestrations in 

LSEC remain unknown. This lack of knowledge significantly hinders the development of new 

therapeutics targeting fenestrations. For many existing drugs with confirmed positive effects 

on LSEC, we cannot explain the exact molecular mechanism of action. In the second part of 

Paper I, we attempted to combine the existing data on fenestration affecting agents with the 

hypotheses proposed in previous reports. It allowed the formulation of four independent but 

overlapping mechanisms: (I) actin (de)polymerization regulates the number of fenestrations, 

(II) calcium ions regulate the diameter of fenestrations, (III) regulation of fenestrations depends 

on lipid rafts, (IV) spectrin is involved in the open versus closed state of fenestration.  

The overview of the existing knowledge about LSEC fenestration from Paper I allows 

for a better focus on future research into filling the gaps between those hypotheses. It also 

presents the overlapping mechanisms that can be explained from various angles. For example, 

points (I) and (II) focus on the actin cytoskeleton and calcium ions which both can be connected 

via myosin. Phosphorylation of myosin light chains (MLC) can occur through calcium-
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dependent activation of calmodulin. The contraction and relaxation of the actin-myosin system 

seem to affect the size and/or number of fenestrations. On the other hand, the actin-binding 

protein – spectrin, was shown to facilitate opened/closed state of fenestrations (IV). Spectrin, 

together with other proteins, creates complexes involved in the maintenance and shaping of the 

cell plasma membrane. The connection between actin and membrane is supported by anchoring 

proteins which can be highly affected by local membrane composition changes, such as in lipid 

rafts (III). The connections between the hypothesis (I) – (IV) show that we are closer than ever 

to fully solving the fenestration structure puzzle.  

The study of mechanisms involved in the regulation of fenestration is even more 

challenging than finding the structure. Many already proposed signalling pathways can 

influence the cell in different ways, making it challenging to distinguish between direct and 

indirect effects. Nevertheless, in Paper I we tried to sum up the pathways with reported 

influences on fenestrations, in combination with other pathways described in endothelial cells. 

The two main signalling pathways influencing fenestration with a high certainty are acting via 

Rho/ROCK and NO/cGMP [137][131]. Both can influence actin polymerisation through acting 

binding proteins (such as profilin, cofilin, and gelsolin) and regulate fenestration via 

phosphorylation of MLC. Regulation of LSEC via NO is especially interesting due to the lack 

of smooth muscle cells in liver sinusoids. In regular micro vessels, vasoconstriction and 

vasodilation are facilitated by cGMP in smooth muscle cells that respond to the NO released 

by endothelial cells. In sinusoids, it seems like a similar mechanism exists in LSEC in 

connection with VEGF signalling.  
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The development of new imaging techniques and image analysis methods has huge 

implications for preclinical research. The focus of this project is the optimization and 

implementation of novel approaches for drug screening on LSEC.    

  By studying all the reported agents that can influence fenestrations, we proposed the 

possible hypothesis describing fenestration structure and regulatory mechanisms. A better 

understanding of LSEC regulation will not only help to develop new therapeutics but also 

explain the mechanisms behind the effects of already known drugs. Paper I gathered the 

information that may be beneficial for researchers working within the liver field, as well as for 

physicians. Moreover, the analysis of the already used methods in drug screening showed 

possible ways for the implementation of novel microscopy techniques. 

 The application of the automated image analysis methods developed in Paper III allows 

the evaluation of hundreds or thousands of images by greatly improving time efficiency. 

Moreover, the accuracy can be optimized for each parameter and imaging technique by a 

selection of the optimal image analysis method.  All the new proposed protocols are based on 

user-friendly open-source software showing that advanced image analysis can be performed by 

anyone regardless of their programming and computer skills. 

Studying LSEC with correlative microscopy approaches helps to better understand the 

observed differences between imaging techniques. In Paper II, the combination of label-free 

(SEM, AFM) and label-dependent (SIM, STED) microscopies allow the determination of the 

influence of sample preparation steps such as wet and dry fixation on the measurement of 

fenestrations. We concluded that the previously observed enlargement of diameters in SEM 

results from sample dehydration. Also, the presented data showed the influence of different 

fixatives on cell stiffness which can affect the measurement of fenestrations imaged with AFM. 

Xanthines, present in many foods and beverages, have a positive effect on LSEC porosity 

profile in vitro. The results of Paper IV show that a high concentration (150µg/ml) of caffeine, 

theobromine, theophylline and paraxanthine increases the fenestration number. The same effect 

was observed also in the low concentration of theobromine (8µg/ml).  If reproducible in vivo, 

these findings may help with the development of re-fenestrating therapies for conditions that 

lead to decreased LSEC porosity, such as ageing.  
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Based on the analysis done in Paper I, there are several possible routes for future research on 

finding new therapeutics for refenestration. Some existing drugs enhanced LSEC fenestration in vitro 

in both young and old mice, so further studies are needed to find the right  treatment dose that would be 

of benefit for LSEC [238]. Xanthines have positive effects on LSEC in vitro, however the high 

concentration needed for this effect would have a toxic effect at the systemic level. Targeted drug 

delivery vectors such as nanoparticles or liposomes may help to directly target LSEC with the required 

high dose of xanthines. This approach would be especially interesting for treatment of conditions that 

lead to the reduction or disappearance of fenestrations.  

The drug screening in this project was restricted to a single substance at a time, but polypharmacy 

- regular daily consumption of 4 or more medicines, is a growing problem in our ageing population. The 

side effects of the drug-cocktail may have to be reconsidered, especially against the increasing 

background problem of non-alcoholic fatty liver disease. Liver toxicity is the most common of severe 

side effects leading to drug withdrawals so testing drug combinations on liver cells in vitro may help to 

develop better treatment strategies. The genetic difference between the individuals may also lead to 

different response to some drugs (such as to caffeine), mostly due to differences in the liver enzyme 

system activity. An interesting futuristic idea would be to study the cells from individual patients, for 

example from liver biopsies, for adjustment of the “drug cocktail” to reduce the negative effect on the 

liver.  

From the methods perspective, the development of new super-resolution microscopies and better 

fluorophores may enable more efficient imaging of LSEC. To date, AFM remains the only technique 

applicable for live LSEC imaging but the recent advances in optical nanoscopes should soon facilitate 

the observation of live LSEC. The reduction of the phototoxic effect of light, either by reduction of 

intensity or exposure time should play a crucial role. Another key factor is the development of new 

fluorophores that have a minimal effect on the cell and that do not lead to the production of ROS while 

interacting with photons. The correlative approach that combines label-free techniques such as AFM 

with super resolution optical microscopy will play a major role in studying dye-cell effects. In Paper II 

we showed the possibilities of used this kind of AFM/STED setup as a single machine on fixed LSEC.  

The main aim of Paper III was to propose user friendly methods for LSEC image analysis, 

however there are also other approaches that should be considered in the future. Especially promising 

for image analysis purpose may be deep learning – a method based on multiple layers of artificial neural 

network [252]. This approach enables efficient training on large datasets of images and possibly would 

further improve fenestration analysis. The challenge in application of this methods is the need for 
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advanced programming skills as the field of machine learning is growing faster than the adjustments of 

user-friendly interfaces. [253][254][255][256][257][258][259] 
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