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Summary

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 pg/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

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].

portal venule
bile ductule

7
/ Kupffer cell sinusoid
portal /&l ohs B ~/ "\ "
, field tj ._;\ | ® ® o /;\/. %) ]
— A
\ %AQ central )
\ — vein
\ = w’a /
N Tele LI
— . . — stellate cell
e - space of Disse
hepatic arteriole hepatocyte endothelial cell

Figure 1 Schematic structure of the liver sinusoids. Reproduced from [253].

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 um — 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
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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 pum to > 8.5 um [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 - B-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, | 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 llumination 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 11)[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 pm? and

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

in vitro

PGy ‘{4' & 3 ((‘.%&A%.\ AL X 3 ;‘

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. Sgrensen, UiT, Tromsg,
Norway.

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
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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.
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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 1gG 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 FcyRI1Ib2 [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 *?°I.

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]. FcyRI11b2 allows extensive recycling of small
soluble 19G 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 a [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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Figure 3 Changes in LSEC morphology between healthy and diseased states [42]

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.
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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].

12
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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 (CCls), 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:

e 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.

e 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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e 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 microscope AFM cantilever

4-segment photodetector

Laser diode @ @

Lens Cantilever for
nanomachining

Feedback
controller

Tube piezo
scanner

Figure 4 Schematic of the AFM microscope and SEM image of a representative AFM cantilever.
Reproduced from [254] and [255].

Atomic force microscopy (AFM) is a part of the scanning probe microscopy family.
Those technigues 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 11
and Paper 111 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
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Figure 5 Selected imaging modes of AFM

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)
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Figure 6 The principle of generating image in QI AFM mode using force-distance curves.
Reproduced from [28].

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 11, [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].
o N
E = — = const. [ﬁ] @

E — Young modulus/modulus of elasticity, o — tensile/compressive stress, € — 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
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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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Angle 1 Angle 2 Angle 3 Wide-field SIM reconstruction

SIM reconstruction procedure

A

Figure 7 Image of U20S 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].

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
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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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Figure 8 The principle of stimulated emission depletion. Fluorophores are excited from ground (So)
into excited state (S:1) and either depleted by the donut shape depletion beam or spontaneously
transferred with the emission of fluorescent photon.
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].
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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].

Scannlng electron microscope Electron-matter interaction
PE SE
@, o)
FE-gun l \ / )
primary
L LVl _I O electron
. Secondary beam  Auger
) Electrons Electrons
. Characteristic
¢ Backscattered X-rays
Condensor PE BSE Electrons
@ ®
Cathodo-
Inlens EsB detector - d
Filter grid T ' Beam booster Continuum luminescence
|| X-rays
Inlens SE detector 1 Fluorescent
Gemini objective |l - X—rags
Q@

PE
I\ “ Characteristic g
\l X-ray
|
Magnetic lens (‘I o

Scan coils
Electrostatic lens =

Diffracted
Electrons

Transmitted

- Scattered
Sample Electrons

Electrons

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].

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
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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.
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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 mm?)
with the nanometric resolution of ASTORM. 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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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 V]

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/lmageJ [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
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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 llastik 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
guantitative 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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Aim of the study

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 I1) and image analysis methods (Paper I11)

3. Exploration of the mechanisms behind LSEC fenestration regulation, structure, and
dynamics based on the previous studies (Paper 1)

4. Proposing novel refenestration approaches based on the studied mechanisms (Paper
V)
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Summary of papers

Paper |

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

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
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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/Ca?* 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 Il

From fixed-dried to wet-fixed to live — comparative super-resolution
microscopy of liver sinusoidal endothelial cell fenestrations
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Correlative SIM/SEM of fenestrated area of LSEC

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 | 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
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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 Il

Quantitative analysis methods for studying fenestrations in liver sinusoidal
endothelial cells. A comparative study
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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
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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
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Chemical structure of xanthines

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 pg/ml, and high - 150 pg/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
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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 | 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 1V,
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 Ménkemoller 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 11 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 Il is method development-oriented, so the choice
of animal model has only minor, if any, influence on the results. Similarly, Paper 111 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 1V, 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 pug/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 I1). We also evaluated different methods
of image analysis and proposed new ones to improve their efficiency for different types of

imaging techniques (Paper I11).

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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Figure 11 The representation of different resolution limits. Reproduced from [259]

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].
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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 Il and
Paper 111. 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 | 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 Il 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
asingle 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 Il 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 Il 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 dASTORM 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 Il 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 | 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 111, 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 111, 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 Il 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 111
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 111 provides optimized image analysis protocols that help the potential user to
choose the most suitable methods for each experiment. In Paper Il, we applied the semi-
automatic and automatic methods from Paper 11l 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 1V, 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 1V 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 111 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 Il and Paper Ill. 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 111 trials [235][236]. Only about one out of ten
drugs tested in phase | 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 | 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].
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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 (PDES5) and the ATP-binding cassette C5 (ABCCS5) 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 V.

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 1V, we studied xanthines in two concentrations — 8/20
pg/ml which is a physiologically achievable plasma level after consumption of regular
food/drinks/medicines containing xanthines, and 150 pg/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 1V 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,
(11) calcium ions regulate the diameter of fenestrations, (111) 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 | 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 (1) and (1) 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 (I1V). 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 (111). The connections between the hypothesis (1) — (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 | 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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Conclusions

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 | 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 111 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 11, 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 (150ug/ml) of caffeine,
theobromine, theophylline and paraxanthine increases the fenestration number. The same effect
was observed also in the low concentration of theobromine (8pg/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.

55



56



Future prespectives

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 11

we showed the possibilities of used this kind of AFM/STED setup as a single machine on fixed LSEC.

The main aim of Paper 111 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.
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The porosity of liver sinusoidal endothelial cells (LSEC) ensures bidirectional passive
transport of lipoproteins, drugs and solutes between the liver capillaries and the
liver parenchyma. This porosity is realized via fenestrations — transcellular pores with
diameters in the range of 50-300 nm - typically grouped together in sieve plates.
Aging and several liver disorders severely reduce LSEC porosity, decreasing their
filtration properties. Over the years, a variety of drugs, stimulants, and toxins have
been investigated in the context of altered diameter or frequency of fenestrations. In
fact, any change in the porosity, connected with the change in number and/or size of
fenestrations is reflected in the overall liver-vascular system crosstalk. Recently, several
commonly used medicines have been proposed to have a beneficial effect on LSEC
re-fenestration in aging. These findings may be important for the aging populations
of the world. In this review we collate the literature on medicines, recreational drugs,
hormones and laboratory tools (including toxins) where the effect LSEC morphology
was quantitatively analyzed. Moreover, different experimental models of liver pathology
are discussed in the context of fenestrations. The second part of this review covers the
cellular mechanisms of action to enable physicians and researchers to predict the effect
of newly developed drugs on LSEC porosity. To achieve this, we discuss four existing
hypotheses of regulation of fenestrations. Finally, we provide a summary of the cellular
mechanisms which are demonstrated to tune the porosity of LSEC.

Keywords: fenestration, fenestra, nanopores, LSEC, liver sinusoidal endothelial cells, porosity, liver disease, drug
response

INTRODUCTION

Within the human body, the main blood-organ barrier is made up of a single layer of thin
endothelial cells. In the liver, the microcirculation has a unique morphology that facilitates bi-
directional exchange of substrates between hepatocytes and blood in the liver sinusoids (Cogger
and Le Couteur, 2009; Fraser et al., 2012). Liver sinusoidal endothelial cells (LSEC) are very thin
and perforated with transcellular pores (50-300 nm in diameter) that are also termed as fenestrae
or fenestrations (Figure 1). These structures were first correctly identified as such with transmission
electron microscopy (TEM) by Yamagishi (1959) and described in detail by Wisse (1970). Between
2 and 20% of the LSEC surface is covered by fenestrations which are either scattered individually
across the surface or clustered into groups called sieve plates. As there are no diaphragms or
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underlying basement membrane, fenestrations make LSEC a
highly efficient ultrafiltration system. LSEC thus retain blood
cells inside the vessel lumen, whereas small molecules, such as
drugs, proteins, lipoproteins, and small viruses can pass this
endothelial barrier via fenestrations to reach the surrounding
hepatocytes, and vice versa (Fraser et al.,, 1995a). Fenestrations
are therefore a vital structure in liver physiology, providing the
primary communication conduit between the liver and the rest of
the body, via the circulation. LSEC fenestrations, and the effects
of various agents upon them, have been studied extensively with
electron microscopy. During the last decade new techniques have
been developed and became available to investigate fenestrations
in cultured LSEC. Super-resolution optical microscopy provided
first detailed information about the composition of fenestration
(Cogger et al., 2010, 2013; Monkeméoller et al., 2015; Zapotoczny
et al., 2019a) while atomic force microscopy (AFM) provided
first information about the dynamics of fenestrations in vitro
(Zapotoczny et al., 2019b, 2020). Such tools will accelerate the
development of therapies that can reverse the loss of fenestrations
seen in aging and liver fibrosis (DeLeve, 2015; Hunt et al., 2019).

Fenestration loss during aging manifests as changes in the
liver microcirculation, in particular within LSEC, which is a
likely cause of dyslipidemia (Le Couteur et al, 2002) and
insulin resistance in old age (Mohamad et al., 2016). At the
morphological level, LSEC in old age have markedly reduced
porosity (percent of the cell surface area covered in fenestrations)
by about 50% - in other words, old LSEC become “defenestrated”
(Figure 2). This defenestration results in hampered bi-directional
traffic of substrates between the blood and the hepatocytes.
Biomolecules such as lipoproteins, or hormones, or drugs (such
as statins or insulin) pass less easily through aged LSEC to
reach the hepatocytes to be processed and/or exert their effects.
For example, older rats showed a significant reduction in
the hepatic volume of insulin distribution (Mohamad et al,
2016), showing that fenestrations facilitate insulin transfer to
hepatocytes. Another example is the transfer of lipoproteins
across LSEC, which was almost totally abolished in livers
from old animals, providing a novel mechanism for age-related
dyslipidemia and postprandial hyperlipidemia (Hilmer et al.,
2005) and is now accepted as a significant factor in age-related
hyperlipidemia (Liu et al, 2015). The same applies in the
reverse direction across LSEC - biomolecules produced by the
hepatocytes need to pass through fenestrations for release into
the plasma, and defenestration hinders this process. Age-related
LSEC defenestration is also accompanied by altered expression
of many vascular proteins including von Willebrand factor,
ICAM-1, laminin, caveolin-1 and various collagens (Le Couteur
et al., 2008). However, these changes occur without any age-
related pathology of hepatocytes or activation of stellate cells
(Warren et al, 2011). The sum of all these processes results
in a state whereby liver sinusoidal vessels become more like
continuous capillaries, but without the other manifestations
seen in diseased livers during “capillarization.” Age-related
defenestration is therefore also termed “pseudocapillarization.”
Cellular senescence is one hallmark of aging (Robbins et al,
2021), and (Grosse et al., 2020) proposed that LSEC become
senescent at 10-12 months of age in mice, as evidenced by the
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increased expression of the senescence marker pl6. Senolytic
drugs (which selectively kill senescent cells) have been proposed
as a potential therapy to alleviate the effects of senescent cell
mediated aging and disease (Robbins et al., 2021). However,
pl6Meh LSEC are essential for mouse healthspan, as ablation of
these cells results in disruption of the hepatic sinusoid and liver
fibrosis (Grosse et al., 2020).

Defenestration of LSEC also occurs during chronic liver
disease, liver fibrosis and consequently cirrhosis, which are an
increasing worldwide problem, and are becoming a major cause
of morbidity and death (Asrani et al., 2019). Currently, there is no
therapy that can alleviate fibrosis progression or reverse fibrosis
(Higashi et al., 2017). Fibrosis is characterized by excessive
extracellular matrix production from activated stellate cells. In
addition to LSEC defenestration, during chronic liver disease, a
basement membrane develops in the Space of Disse, leading to
the process of capillarization, and thereby further reducing the
free passage of substrates to and from the hepatocytes (Poisson
et al., 2017). Defenestration of LSEC occurs earlier than the
formation of fibrous septa in liver diseases such as alcoholic
liver injury and non-alcoholic fatty liver disease (Horn et al.,
1987) which could indicate that LSEC can play an important role
during the early stages of fibrosis. Restoration of differentiation
to LSEC led to quiescence of hepatic stellate cells and regression
of fibrosis in thioacetamide challenged rats (Xie et al.,, 2012b)
potentially suggesting that therapies that revert LSEC from a
diseased/defenestrated state to a normal state may also be of
benefit for treatment of liver fibrosis (DeLeve, 2015).

As mentioned above, defenestration of the liver sinusoidal
endothelium impairs the hepatic clearance of pharmacological
agents (Mitchell et al., 2011). As for lipoproteins and insulin,
fenestrations are conduits for pharmaceuticals, from the plasma
to the hepatocytes. Reduction in LSEC porosity thus reduces
the passage of drugs to the cells where they are processed
and metabolized. This can result in elevated and potentially
toxic concentrations of drugs in the elderly (and patients with
liver disease), when administering drug doses appropriate for
healthy young people. In addition, polypharmacy is becoming
a major issue in the aging population, with over 42% of people
over 65 years of age were reported being administrated five or
more different medications per day (Midio et al.,, 2018). The
majority of these medications need to cross the liver sinusoidal
endothelium to be detoxified, and it is possible that some of
the polypharmacy “cocktails” are detrimental for LSEC porosity.
Another serious consequence of reduced porosity is that statins
are less able to reach the hepatocytes and inhibit cholesterol
production. Increased statin doses are then required to achieve
therapeutic effects, sometimes resulting in side effects such as
muscle pain and rhabdomyolysis, resulting in medication non-
compliance in patients.

Given the vital role of LSEC fenestrations (and the bi-
directional flow of substrates through them) in physiology and
homeostasis, a better understanding of how these structures are
regulated will enable us to design novel therapeutic approaches
targeting biological changes of aging and liver diseases.

It needs to be highlighted, however, that many reports in the
literature “suffer” from developing experimental methodologies.
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Karen K. Serensen, UiT, Tromsg, Norway).

FIGURE 1 | SEM image of hepatic sinusoids of a C57BL6 mouse, approximately 4 months old. Liver Sinusoidal Endothelial Cells (LSECs) are covered in multiple
fenestrations (arrows) arranged into sieve plates (SP, dotted line circles) distributed over the whole sinusoid. SD, space of Disse; HC, hepatocytes. (Courtesy of

small lipoproteins

sinusoidal lumen )
chylomicrons

fenestrae

space of Disse i3

hepatocytes

endothelium .: \. ‘e tﬂ: .
DDDDDDEE&:DD D

defenestrated
& thickened
endothelium

lj D)
oo ===B Zoos. (basallamina

collagen

YOUNG

FIGURE 2 | Sinusoidal lumen in young and old liver. With age, the fenestrated morphology of the sinusoids is lost in the process of “pseudocapillarization.”
Additionally, the endothelium thickens and collagen deposits can be found within the space of Disse. The result is the inhibition of transfer between the blood and
hepatocytes. (Courtesy of Eike Struck, UiT, Tromse, Norway and David Le Couteur, ANZAC Research Institute, Sydney, Australia).

Errors during liver perfusion, cell isolation methodologies and
sample preparations may lead to altered cell phenotypes. Also, it
should be noted that studies from pre-super-resolution era where
light microscopy was the only technique used for quantification
of fenestrations may be imprecise. As reported, fenestrations in
LSEC are in the range of 50-300 nm, gathered in sieve plates of
several to tens of pores, with limited number of gaps (DeLeve
and Maretti-Mira, 2017). These can be visualized only using
non-diffraction limited methods such as electron microscopy,
optical nanoscopy, or atomic force microscopy. The distribution
of fenestration diameter in this range was presented for both

LSEC in tissue (in vivo) and for isolated cells (in vitro). In vivo
data are limited to fixed and dried material, while data for isolated
LSEC covers fixed and dried, wet-fixed, and live cells. Recently, we
summarized that the differences in mean fenestration diameter
for fixed and dried, wet-fixed and live LSECs in vitro can be up
to 30% (Supplementary Table 1 in Zapotoczny et al., 2019b). The
differences between in vivo and in vitro data can be even larger
ibid., (Wisse et al., 2010). The comparison between the groups
in a single report provides information about the alterations as
the same microscopy method is applied. The methodological
details enabling avoiding errors in imaging and data analysis
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were described: SEM (Wisse et al., 2010; Cogger et al., 2015;
Szafranska et al., 2021), AFM (Zapotoczny et al., 2017a, 2020;
Szafranska et al, 2021), SIM (Kong et al., 2021; Szafranska
et al,, 2021). Moreover, the comparative measurements using
different microscopies were reported in the past showing good
correlation between the methods. However, the comparative
analysis of newly developed techniques applied recently for
LSECs, such as SIM, STED, and AFM, is lacking. Each method
has its advantages and limitations. To enable easy tracking of the
model (in vivo/in vitro and microscopy technique) we provide the
relevant information in the presented tables.

The purpose of this review is to: (i) provide a medical and
cell biology “tool-kit,” for researchers and clinicians to design
potential LSEC refenestration strategies and (ii) summarize the
existing knowledge around fenestration biology which can help
to find new ways to reveal how fenestrations actually work.
The first part of this review fucuses on the reported influence
of drugs on LSEC fenestration number and porosity, while
the second part gives a deeper knowledge about fenestration
biology and mechanisms behind structure, formation and
maintenance of fenestration. This review does not cover a
number of other aspects of LSEC biology, but these can be
found in in the following excellent reviews about LSEC in:
diseases (Gracia-Sancho et al, 2021; Wang and Peng, 2021),
hepatic fibrosis (DeLeve, 2015), mechanotransduction (Shu et al.,
2021), inflammation and cancer (Wilkinson et al., 2020; Yang
and Zhang, 2021), receptor expression (Pandey et al, 2020),
immunological functions (Shetty et al., 2018), aging (Hunt et al.,
2019), scavenging (Serensen et al., 2012), and overall biology of
LSECs (Serensen et al., 2015).

LSEC AND DRUG INTERACTIONS

Recreational and Medicinal Drugs, and
Their Effects on LSEC Porosity

The human race already uses an extensive array of drugs
for medical and recreational purposes. The majority of these
compounds are safe, or at least relatively safe for normal human
consumption if used appropriately. Reported negative side-effects
of these drugs are typically well-documented at the systemic
or organ level, but little is known about their direct effects on
LSEC fenestration status. Additionally, some drugs with other
intended targets may actually have positive side effects on LSEC
fenestration, leading to increased LSEC porosity and improving
bi-directional exchange of solutes between hepatocytes and
plasma. This concept was first tested by Hunt et al. (2019,
2020) who found that a number of drugs for intended use for
the treatment of high blood pressure, erectile dysfunction and
diabetes improved LSEC porosity in young and old mice. Table 1
lists the effects of some recreational and medicinal drugs on
LSEC fenestrations.

Recreational Drugs

The effects of recreational drugs on LSEC porosity have not
been studied extensively (Table 1). The few studies performed
showed that the recreational drugs nicotine, ethanol, and cocaine
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reduce LSEC porosity (Fraser et al., 1988; McCuskey et al., 1993),
while the psychedelic drug 2,5-Dimethoxy-4-iodoamphetamine
(DOI) increases porosity in LSEC in young and old rodents
(Cogger et al, 2014; Hunt et al.,, 2019). The effects on LSEC
porosity of other recreational/non-medicinal drugs such as
opioids, amphetamines, cannabis, and xanthines (such as caffeine
and theobromine) have, to the best of our knowledge, not
been studied. This would be an area of great interest, given
the extensive use of all of these among the general population.
This is exemplified by opioid use (which is also for medicinal
purposes) leading to the current “opioid epidemic” in the US
arising from the use of prescription oxycodone. Below is a
summary of the reported interactions of ethanol, cocaine, DOI,
and nicotine with LSEC.

Ethanol Given the wide use and general acceptance of alcohol,
and the suggested health benefits from moderate consumption,
it was discussed in the LSEC field whether moderate amounts
of alcohol could improve LSEC porosity and thereby lipoprotein
clearance. Of the studies (in vitro and in vive) investigating
the effects of ethanol on LSEC, the majority were performed
in rats, but mice, baboons and human LSEC were studied
as well, with electron and atomic force microscopy methods
used as readout. Several studies reported that the fenestration
number was reduced, while the average fenestration diameter
was increased - this pattern was consistent in all the in vitro
studies (Mak and Lieber, 1984; Charles et al., 1986; Van Der
Smissen et al., 1986; Horn et al.,, 1987; Tanikawa et al., 1991;
McCuskey et al., 1993; Braet et al., 1994, 1995a, 1996¢; de
Zanger et al, 1997) and with reduced porosity reported in
one study (Takashimizu et al.,, 1999). Takashimizu et al. (1999)
described reduction in fenestration diameter in rat during
in vivo continuous administration of ethanol into the portal vein,
and pre-treatment with BQ123 [an endothelin (ET) receptor
antagonist, see Table 2] reduced the effect of ethanol. One in vivo
study reported no changes in in the liver sinusoids in mice
after 9 weeks of ethanol feeding (McCuskey et al., 1993) but
ethanol in combination with cocaine caused the sinusoids to
become thickened and defenestrated. In other in vivo chronic
ethanol challenge studies (ethanol given to rats in food, or
human studies where biopsies were used), one rat study yielded
results consistent with the in vitro findings (reduced fenestration
number, increased diameter, reduced porosity) (Tanikawa et al.,
1991) while the other study reported reduced fenestration
diameter and number - this was the only study to find that the
diameter became smaller after ethanol challenge (Takashimizu
et al, 1999). In the human biopsy study, similar results were
obtained - chronic alcohol consumption (defined as > 60 g
alcohol intake every day for more than 3 years) resulted in
fewer fenestrations, diameters of between 50-300 nm and a
“visible difference” for porosity between the two groups. A study
in baboons showed that the duration of alcohol consumption
does not seem to have any impact on fenestrations (diameter
in second group (4-24 months alcohol consumption vs. 61—
112 months) was larger than control but smaller than first
group) (Mak and Lieber, 1984). In summary, ethanol at any dose
does not appear to improve LSEC porosity but rather has the
opposite effect.
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TABLE 1 | Influence of medicinal drugs on LSEC fenestrations.
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Fenestration Porosity Fenestration References Methods
diameter frequency
Recreational drugs
Ethanol +/- - Van Der Smissen et al., 1986; Braet et al., SEM, TEM, in vitro
1995a
Mak and Lieber, 1984; Charles et al., 1986; SEM, in vivo
de Zanger et al., 1997
Tanikawa et al., 1991; McCuskey et al., TEM, in vivo
1993
Horn et al., 1987; Takashimizu et al., 1999 SEM, in vivo
Braet et al., 1996¢ SEM, AFM, in vitro
Braet et al., 1994 SEM, in vitro
Ethanol +cocaine nd - McCuskey et al., 1993 TEM, In vivo
Cocaine nd nd nd McCuskey et al., 1993 TEM, in vivo
2,5-Dimethoxy-4- + +/- +/- Furrer et al., 2011; Cogger et al., 2014 SEM, in vivo
iodoamphetamine
(DO
Hunt et al., 2019 SEM in vitro
Nicotine - -- Fraser et al., 1988 SEM, in vivo
Prescription drugs
Acetaminophen/ G nd nd McCuskey et al., 2004 SEM, TEM, in vivo, in vitro
paracetamol
+ethanol
Acetaminophen/ G - - Ito et al., 2006b SEM, in vivo
paracetamol
Walker et al., 1983 SEM, TEM, in vivo
McCuskey et al., 2004; McCuskey, 2006 SEM, TEM, in vivo, in vitro
Amlodipine - + + Hunt et al., 2019 SEM, in vitro
Bosentan 0 + + Hunt et al., 2019 SEM, in vitro
Colchicine nd nd 0 Braet et al., 1996b TEM, in vitro
Disulfiram nd + Bernier et al., 2020 SEM, in vivo
Metformin 0 + + Hunt et al., 2020 SEM, in vitro, in vivo
Alfaras et al., 2017 SEM, in vivo
Nicotinamide 0 + + Hunt et al., 2019 SEM, in vitro
moneonucleotide (NMN])
Mao et al., 2019 dSTORM, in vitro
Cholesterol 0 0 0 SEM, in vivo
Fraser et al., 1988, 1989
Cholesterol +nicotine - - - Fraser et al., 1988 SEM, in vivo
Pantethine + cholesterol + + + Fraser et al., 1989 SEM, in vivo
Prostaglandin E1 + Odaet al., 1997 SEM, TEM, in vitro
Sildenafil o7+ ++ + Hunt et al., 2019 SEM, in vitro
Mao et al., 2019 dSTORM, in vitro
Simvastatin + + + Hide et al., 2020 SEM, TEM, in vivo, SEM, in vitro
Venkatraman and Tucker-Kellogg, 2013; SEM, in vitro
Hunt et al., 2019
Taxol nd nd 0 Braet et al., 1996b TEM, in vitro
TNF-related +/0 +/0 +/0 Hunt et al., 2019 SEM, in vitro
apoptosis-inducing ligand
(TRAIL)
0,” no change; G, gaps, increase: "+,” <50%; "++," 50-100%; "+++,” = 100%; decrease: "-," <50%, "--," =50%; "- - -,” defenestration; “nd,” no data.
Cocaine is a widely used recreational drug with sinusoid blood flow after 5 weeks, worsening up to 9 weeks

vasoconstricting properties (Kim and Park, 2019), often
consumed in combination with alcohol. In a study from
McCuskey et al. (1993), mice challenged with cocaine alone
developed basement membrane deposition in the space of Disse,
some hepatocellular necrosis and slightly reduced centrilobular
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of challenge. In combination with ethanol these changes were

significantly exacerbated, in addition the sinusoidal endothelium
was thickened and defenestrated. Interestingly rats were more
resistant to these challenges, only developing some of these
changes at the end of the 15-week treatment regime. The
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TABLE 2 | Influence of hormones and other agents acting on LSEC fenestrations.

Fenestration Porosity Fenestration
diameter frequency

Vasoactive stimuli
Vasodilators
Acetylchaline + nd nd
Bethanechol + nd nd
Isoproterenol + nd nd
Vasoactive intestinal + nd nd
peptide (VIP)
BQ-123 ++ nd -
Vasoconstrictors
Endothelin (ET) - - nd
Neuropeptide Y - nd nd
Norepinephrine/ - nd nd
noradrenaline
Serotonin - nd nd
Pilocarpin - nd nd
Adrenaline/ - nd nd
epinephrine
Signaling/Maintenance
Vascular endohelial + +++ ++

growth factor (VEGF)

Bone morphogenetic
protein (BMP)

Platelet derived growth nd - nd
factor

(PDGF-B) signaling

Liver X receptor (LXR) NA NA NA
Hedgehog (Hh)
signaling
Plasmalemma vesicle +/- +/- +/-
associated protein

(PLVAP)

Strain specific Strain specific Strain specific

‘0," no change; G, gaps; "nd,” no data; "NA,” not applicable. increase: "+,”

- -," defenestration.

mechanism(s) by which cocaine and cocaine/ethanol challenge
elicit these changes remains to be elucidated, but in any case the
combined abuse of these drugs raises particular concerns with
regards to liver function.

Nicotine is the primary stimulant found in tobacco products
and is also a known vasoconstrictor (Benowitz and Burbank,
2016). Rats fed nicotine (dose equivalent to 50-100 cigarettes
per day in humans for 6 weeks) had LSEC porosity 40% of
that of controls, primarily as a function of reduced average
fenestration diameter and not of reduced fenestration number.
The nicotine treated animals also had near 50% higher serum

Frontiers in Physiology | www.frontiersin.org

References

Tsukada et al., 1986; Oda et al., 1990
Oda et al., 1990
Oda et al., 1990
Qdaet al., 1990

Watanabe et al., 2007

Odaet al., 1997;
Kamegaya et al., 2002

Oda et al., 1990

Tsukada et al., 1986; Oda et al., 1990
Wisse et al., 1980

Wisse et al., 1980;
Braet et al., 1995a

Tanikawa et al., 1991
Braet et al., 1996¢
Kalle et al., 1997
Wisse et al., 1980
Wisse et al,, 1980

Funyu et al., 2001; Yokomori et al., 2003
Carpenter et al., 2005
Xie et al., 2012b
Desroches-Castan et al., 2019a,b

Raines et al., 2011

Xing et al., 2016
Xie et al., 2012a

Herrnberger et al., 2014

Auvinen et al., 2019

The wHole Story About Fenestrations

Methods

SEM, in vivo, in vitro
SEM, in vivo
SEM, in vivo, in vitro
SEM, in vivo

SEM, TEM, in vivo

SEM, in vitro

SEM, in vivo
SEM, in vivo, in vitro

TEM, SEM, in vivo
SEM, TEM, in vivo

TEM, in vivo
SEM, AFM, in vitro
AFM, in vitro
TEM, SEM, in vivo
TEM, SEM, in vivo

SEM, in vitro
SEM, TEM, in vivo
SEM, in vivo, in vitro

(a) SEM, in vivo, in vitro

(b) SEM, in vitro
TEM, in vivo

SEM, TEM, in vivo

SEM, in vitro

SEM, TEM, in vivo

SEM, in vivo

<50%; "++,”7 50-100%,; "+++,” >100%, decrease: "-,” <b0%,; "--" >50%;

cholesterol than controls, probably as a consequence of reduced
LSEC porosity and thereby filtration of low-density lipoprotein
(LDL) out from the plasma of these animals (Fraser et al., 1988).
Nicotine and cholesterol fed animals had similar porosity and
diameter to nicotine-fed only animals. Together with results
from cholesterol-only fed animals (no visible changes), it suggests
that nicotine (but not cholesterol) has an effect on fenestrations
(Fraser et al., 1988). Other studies have shown that oral nicotine
induces an atherogenic lipoprotein profile (Cluette-Brown et al,
1986) (including increased plasma LDL) and impairs plasma
LDL clearance (Hojnacki et al., 1986). The mechanism of action
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of nicotine in the LSEC context remains to be elucidated but
given the continued consumption of nicotine by humans in
various forms (e.g., tobacco products, e-cigarettes, and nicotine
supplements) this field warrants further study.

2,5-Dimethoxy-4-iodoamphetamine (DOI) is a substituted
amphetamine but is not a stimulant. It is a potent 5-
HT,4 serotonin receptor agonist and is used recreationally
as a hallucinogenic drug (Lapoint et al., 2013). DOI induces
cutaneous vascular constriction in rabbits and rats, and this is
the suggested cause of hyperthermia resulting from serotonin
receptor stimulation (Blessing and Seaman, 2003). DOI has
reported beneficial effects on survival, liver regeneration and
LSEC morphology after partial hepatectomy (Tian et al., 2011).
Furrer et al. (2011) showed that in vive DOI challenge increased
porosity in old but not young LSEC, and pre-treatment of old
mice with DOI prior to partial hepatectomy resulted in LSEC
with improved porosity (Furrer et al., 2011). However, the finding
that DOI improved porosity in aged LSEC is at odds with the
in vive study of Cogger et al. (2014) who found that DOI
improved LSEC porosity in young but not old animals. Both
studies used SEM of tissue blocks to quantify fenestrations.
Further complicating the DOI story, SEM in vitro studies by Hunt
etal. (2019) on cultured LSEC from young and old mice revealed
that DOI challenge increased porosity in old but not young
LSEC, and this increase was most likely a function of increase
in both fenestration diameter and frequency. LSEC respond to
ligands for the 5-HT2 receptor, as they were reported to being
inhibited by ketanserin (a selective 5-HT2 receptor antagonist)
(Gatmaitan et al., 1996). The role of 5-HT2A and 2B receptors
was proposed as being involved in liver regeneration after liver
partial hepatectomy (Lesurtel et al., 2006). Similarly, the presence
of the 5HT2 receptor was later highlighted (Braet and Wisse,
2002; Braet, 2004). However, newly reported data showed that
known 5-HT receptor mRNAs were absent or at very low levels in
mouse, rat and human LSEC (Bhandari et al., 2020). It would thus
be of interest to resolve the question of DOI mediated effects, the
downstream mechanisms, and whether there is/are age-related
responses to DOIL.

Medicinal Drugs

Pharmaceutical treatment and prevention of diseases is
constantly evolving, with an increasing number of novel
medicines entering the market every year. It was reported that
the EU retail pharmaceutical bill was around EUR 190 billion
in 2018 (OECD/European Union, 2020). Hepatic clearance and
metabolism are the basic routes of removing drugs from the
system. With decreased porosity prolonged circulation of drugs
increases their side effects. Nitric oxide (NO)-based drug therapy
was shown to have beneficial effects on the liver (Maslak et al.,
2015) and detailed studies on isolated cells confirm the positive
role of NO on fenestrated morphology in LSEC (Xie et al.,
2012b). Medicinal drugs with other intended targets may also
affect LSEC. A recent comparative study revealed the different
drug effects on fenestrations in LSEC in an age-related manner
(Hunt et al., 2019). Here we summarize the effects of various
medicines where fenestration number and size were reported.
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Amlodipine is a calcium channel blocker used to treat
hypertension by dilating blood vessels to reduce blood pressure.
Amlodipine is also reported to increase endothelial NO (Xu
et al., 2002; Mason et al., 2014). Hunt et al. (2019) reported that
amlodipine increased the porosity in cultured LSEC from both
young and old animals and proposed that this increase was more
likely mediated by NO production than by calcium transport
blockage. This safe and commonly used blood pressure medicine
may thus also represent a pharmacological means to counteract
age-related defenestration.

Bosentan is a competitive antagonist of endothelin -A
and -B receptors, and is used to treat moderate pulmonary
hypertension, exerting its vasodilative effect via ET-A receptors
(Bacon et al., 1996). Endothelin-1 (ET-1) constricts fenestrations
pronouncedly and reduces porosity (Kamegaya et al., 2002), and
an ET-B receptor antagonist (BQ788) blocked this effect while
an ET-A receptor antagonist (BQ485) partially blocked the ET-
1 effect (Kamegaya et al., 2002). The ET-A receptor antagonist
BQ123 increased fenestration diameters, but caused major gaps
in sinusoidal cells and fusions of fenestrations within sieve plates
(Watanabe et al., 2007). Hunt et al. (2019) demonstrated that
lower doses of bosentan increased the porosity of LSEC from
old mice, while LSEC from younger mice were non-responsive.
Bosentan treatment of LSEC did not elicit an increase in NO
production in this study.

Colchicine is used as a therapy for gout and familial
Mediterranean fever. It decreases inflammation but its
pharmacotherapeutic mechanism of action is not fully
understood - its main mechanism of action is tubulin disruption
(Leung et al.,, 2015). Treatment of cultured rat LSEC with 200 pM
colchicine did not affect porosity while causing significant loss
of microtubules. Interestingly, the microtubules surrounding
sieve plates were still present (Braet et al, 1996b). Together
with the effect of taxol, which completely disrupts microtubules
and prevents cytochalasin-mediated induction of fenestrations,
this would suggest that tubulin architecture may have a crucial
role in LSEC porosity. Taxol (generic name paclitaxel) is a
microtubule-stabilizing drug used for the treatment of ovarian,
breast, and lung cancer, as well as Kaposi’s sarcoma (Weaver,
2014). Braet et al. (1996b) challenged cultured rat LSEC with
10 pM taxol and saw no change in porosity but reported an
overabundance of microtubules throughout the cytoplasm,
and alongside sieve plates. Moreover, treatment with 10 pM
taxol not only did not show a significant change in fenestration
number but pretreatment with taxol and two hours later with
cytochalasin B, inhibits the effect of the latter, i.e., the increase in
fenestration number is reduced in comparison to treatment with
cytochalasin B only.

Disulfiram (commercial name Antabuse) is a FDA approved
treatment for chronic alcohol addiction. It is an inhibitor of
acetaldehyde dehydrogenase and causes the feeling of a hangover
immediately upon alcohol consumption (Suh et al., 2006). It is an
inhibitor of the transcription factor NF-KB (Schreck et al., 1992)
which contributes to its anti-inflammatory properties. In the
experimental setting, the consumption of disulfiram was found
to normalize body weight in mice. It was also found to increase
the frequency of LSEC fenestrations in vivo, while decreasing
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their average diameter, resulting in no net increase in porosity in
mice and rats (Bernier et al., 2020). The mechanism(s) by which
disulfiram increases fenestration number remain to be elucidated.

Metformin is a first line treatment for type II diabetes for
serum glucose reduction (Maruthur et al., 2016). The mechanism
by which this drug exerts this effect remains to be elucidated,
but its primary target appears to be hepatocyte mitochondria
via inhibition of complex I of the respiratory chain. Inhibition
of gluconeogenesis (Owen et al., 2000) results in the activation
of the energy sensor AMP-activated protein kinase (AMPK)
leading to increased beta-oxidation of fatty acids. Alfaras et al.
(2017) tested 1% metformin administered every-other-week or
2-weeks-every-month to mice - these strategies being chosen to
avoid metformin induced nephrotoxicity. They found numerous
health benefits, particularly with the every-other-week regime,
and that the every-other-week approach also increased porosity
in LSEC in 2-year-old mice. Metformin (50 pM) increased LSEC
porosity in vitro in both young and old mice by 25 and 50%,
respectively (Hunt et al., 2020). This increase was due to increases
in fenestration frequency (20 and 50%, respectively) since the
fenestration diameter remained unchanged. In vivo studies in
mice treated with 0.1% metformin in their diet increased LSEC
porosity/fenestration frequency in young and old mice and
reduced the age-related loss of porosity in older mice by 50%
(Hunt et al., 2020). The mechanism of metformin action in LSEC,
with regards to fenestration status, remains to be established.

Nicotinamide mononucleotide (NMN) is a key nicotinamide
adenine dinucleotide (NAD+) intermediate. Long-term
administration of NMN is reported to mitigate age-related
physiological decline in mice (Mills et al., 2016), while short term
in vitro treatment reverses endothelial dysfunction (Mateuszuk
et al., 2020). NMN increased LSEC porosity in young and old
mice, via increased fenestration frequency, while the average
fenestration diameter was essentially unchanged (Hunt et al.,
2019). NMN challenge had no apparent effects on NOS or
cGMP levels in LSEC. Analysis of NMN challenged LSEC using
direct stochastical optical reconstruction microscopy (dSTORM)
revealed that the F-actin within LSEC was more condensed
and that the actin rings delineating fenestrations became more
pronounced (Mao et al., 2019). The mode of NMN action in
LSEC remains to be elucidated - NAD + associates with sirtuins
which play a critical role in multiple cellular functions (Imai and
Yoshino, 2013) so the study of the role of sirtuins in fenestration
biology is therefore warranted.

Pantethine is a derivative of vitamin B5 and has been
suggested as a therapy for reducing LDL levels (Rumberger
et al., 2011). Fraser et al. (1989) studied the effect of pantethine
in cholesterol fed rabbits. The pantethine plus cholesterol fed
animals had higher LSEC porosity, fenestration diameter and
frequency and lower total cholesterol than the animals fed
cholesterol alone. Cholesterol feeding had no effect on LSEC
porosity. The same result had been found in another study
(Fraser et al., 1988). Unfortunately, there was no group fed only
pantethine, so it would be interesting to establish if pantethine
alone increases LSEC porosity and if this can explain (in part) the
reported pantethine-mediated reduction of plasma LDL seen in
other studies (Fraser et al., 1989; Rumberger et al., 2011).
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Paracetamol (also known as acetaminophen or commercially
as APAP, Panadol) is one of the most widely used analgesic
medicines. Acute overdoses of paracetamol can cause lethal liver
damage, due to the toxic metabolite N-acetyl-p-benzoquinone
imine (NAPQI) (Hodgman and Garrard, 2012). The consensus
is that, in vive, paracetamol reduces rodent LSEC porosity both
via reduction of fenestration diameter and frequency at “clinical”
doses (Walker et al., 1983; McCuskey et al., 2004; McCuskey,
2006; Ito et al., 2006b). The in vitro effect of paracetamol on
LSEC was reported to be dependent on NAPQI induced depletion
of glutathione levels. In C3H mice, acetaminophen is directly
toxic to LSEC via P450 activation, while in Swiss Webster mice
the toxic effect on LSEC was indirectly driven by hepatocytes
(DeLeve et al, 1997). APAP-induced LSEC injury precedes
hepatocellular injury, supporting the hypothesis that LSECs are
an early and direct target for APAP toxicity. These findings also
suggest that reduced sinusoidal perfusion and increased Kupffer
cell activity contribute to the development of APAP-induced liver
injury (Ito et al., 2003). Although it was presented that large
gaps are formed and the porosity is reduced in LSEC in vivo, the
effects of paracetamol challenge on LSEC porosity in vitro have
not been reported.

Prostaglandin E1 (synthetic form: alprostadil) is a naturally
occurring eicosanoid used as vasodilator for several different
medical purposes (Kirtland, 1988). Applications include erectile
dysfunction (ED) treatment in men who do not respond
to PDE5 inhibitors (Hanchanale and Eardley, 2014) and the
opening of ductus arteriosus in neonates requiring heart
surgery (Singh and Mikrou, 2018). Prostaglandin E1 exerts
its effect via the production of nitric oxide which stimulates
soluble guanylyl cyclase to increase production of cyclic GMP
(cGMP) and/or by the direct binding of prostaglandin to
prostaglandin receptors, activating adenylyl cyclase to convert
ATP to cyclic AMP (cAMP). The end result is the same in either
pathway - decreased intracellular Ca®>* (Namkoong et al., 2005).
Oda et al. (1997) showed that prostaglandin E1 significantly
increased LSEC fenestration diameter in rat LSEC and also
caused partial fusion of some fenestrations within sieve plates.
They also reported increased Ca®*-ATPase on fenestral plasma
membrane after prostaglandin E1 challenge and postulated that
cytoplasmic Ca®™ efflux caused relaxation (and thereby dilation)
of LSEC fenestrations.

Sildenafil (also known as Viagra) is a vasoactive agent
used for the treatment of ED. It is a potent and selective
inhibitor of ¢cGMP-specific phosphodiesterase (PDE) type 5,
due to its structural similarity to ¢cGMP (Bender and Beavo,
2006). Sildenafil increases cGMP levels by inactivating PDEs
that metabolize cGMP to GMP as well as by blocking ABCC5
transport protein responsible for active efflux of cGMP from the
cell (Aronsen et al., 2014). ¢cGMP is an intracellular mediator
of the NO pathway that can lead to relaxion of the vascular
smooth muscle (vasodilation) and thereby increase blood flow
(Denninger and Marletta, 1999). Hunt et al. (2019) challenged
LSEC from young (3-4 months) and old (18-25 months) mice
with sildenafil and found that porosity and fenestration frequency
(but not diameter) increased in LSEC from young and old mice.
Sildenafil also increased cGMP levels, NO synthesis and levels of
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phosphorylated nitric oxide synthase (pNOS). Mao et al. (2019)
also challenged LSEC (from young mice) and found that the
actin rings (which delineate fenestrations) and actin stress fibers
became more pronounced. In contrast to Hunt et al. (2019) and
Mao et al. (2019) found that sildenafil increased fenestration
diameter on average by 30%. This inconsistency might be due
to the methods used - the first study used SEM to score LSEC
morphology after dehydration, while the second study used
dSTORM on “wet” LSEC samples. Sildenafil (and other PDE and
ABC transporters inhibitors) may be an interesting therapeutic
option to increase LSEC porosity in the elderly.

Simvastatin is a cholesterol lowering agent. Its cholesterol
reducing action is via inhibition of 3-hydroxy-3-methylglutaryl
(HMG) coenzyme A reductase, the rate limiting enzyme
in cholesterol synthesis. Simvastatin also upregulates NO
levels suggesting vascular protective effects beyond cholesterol
reduction (de Sotomayor et al., 2005; Rikitake and Liao, 2005).
Hide et al. (2020) reported that simvastatin was somewhat
protective against warm ischemia reperfusion induced LSEC
defenestration in (male Wistar) rats, so simvastatin may
be able to provide a protective role in maintenance of
porosity. Venkatraman and Tucker-Kellogg (2013) showed that
simvastatin can antagonize Rho/ROCK (Rho-associated protein
kinase) signaling, protecting from the defenestration resulting
from activation of this pathway. Moreover, simvastatin treatment
led to increase on both porosity and fenestration frequency in
(male Wistar) rats. Interestingly these results in rats were not
replicated in mice. Findings of Hunt et al. (2019) in (male
C57/BL6) mice showed no significant changes in porosity or
fenestration frequency in young or old mice, and only a 20%
increase in mean diameter in the aged group. These findings
may suggest species dependent difference in the simvastatin
mechanism of action.

TRAIL [tumor necrosis factor (TNF)-related apoptosis-
inducing ligand] is a protein ligand reported to induce cell death
in transformed cells by binding to “death receptors” (Wiley et al.,
1995). It is also reported to induce NO production via eNOS
(Bartolo et al., 2015). Hunt et al. (2019) reported that LSEC
challenged with lower doses of TRAIL increased LSEC porosity
and fenestration frequency in young but not old mice. The lack of
TRAIL response of old mice LSEC could be explained by reduced
expression of TRAIL receptors in older mouse LSEC, but the
level of TRAIL receptor expression in young vs. old mice remains
to be determined.

Hormones and Other Agents Acting on

LSEC

LSEC and Vasoactive Agents

Vasoactive signaling molecules commonly act through a receptor
induced relaxation in the smooth muscle surrounding the
vasculature (Webb, 2003). Signaling is mostly mediated by the
NO/cGMP pathway and via intracellular calcium concentrations
(Chen et al., 2008). Crucially, whether a stimuli directs toward
constriction or relaxation will depend on the tissue specific
expression of certain receptors and the presence or absence of
inhibition of parallel pathways.
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Hepatic sinusoids lack smooth muscle cells but can dilate
and contract responding to various vasoactive agents. Moreover,
according to the two main studies addressing this issue (Oda
et al, 1990; Gatmaitan et al, 1996), LSEC porosity and
fenestration diameter seem to correlate with vasodilation or
vasoconstriction (Table 2). These results suggest that vasodilators
and vasoconstrictors have a direct effect upon the fenestrations
of LSEC. The lack of super resolution techniques for living cells
was one of the main drawbacks at the time of these studies of
vasoactive agents’ effects on LSEC. It will be therefore beneficial
for the field investigate the role of vasoconstriction and dilation in
fenestration regulation using live cell imaging techniques, such as
AFM, SIM or stimulated emission depletion microscopy (STED).

Vasodilators
Acetylcholine is a vasodilator acting through the
cholinergic/muscarinic  receptor (Sakai, 1980). In LSEC

acetylcholine dilates sinusoids increasing blood flow rate
and increasing fenestration diameter (Oda et al., 1990), when
administered intravenously. On the other hand, cholinergic
receptor agonists were also noted to cause narrowing of
the sinusoids: bethanechol, carbachol, and pilocarpine
applied topically to the liver caused constriction of the liver
microvasculature, but fenestrations were not quantified (Reilly
et al., 1982; McCuskey and Reilly, 1993). To further complicate
these findings, intravascular admission of pilocarpine decreased
while bethanechol increased the fenestration diameter. These
differences in the effects can be explained by the expression of
certain receptors responding to the same stimuli but having
contradictory effects, however, further studies are needed.
Bethanechol is already used as a therapy for postoperative and
postpartum non-obstructive urinary retention, it would therefore
be of interest to further study its effects on LSEC porosity (Oda
et al, 1990). Vasoactive intestinal peptide (VIP) is a class II
G-protein coupled receptor ligand (Umetsu et al, 2011). It
has multiple physiological effects including vasodilation and
increased gut motility during digestion (Iwasaki et al., 2019). VIP
was shown to dilate the sinusoids and fenestra, increasing blood
flow through the sinusoids which would enhance the uptake of
circulating nutrients after a meal (Oda et al., 1990). Isoprenaline
(also known as isoproterenol) is another vasodilating agent
acting as a P-adrenergic receptor agonist. This G-protein is
essential for cardiac function (reviewed in Wachter and Gilbert,
2012) and is used to treat bradycardia and (rarely) asthma.
The effect on LSEC follows that of other of vasodilating agents
increasing in both sinusoidal blood flow and fenestration
diameter (Oda et al., 1990).

Vasoconstrictors
Serotonin (also known as 5-HT) is a monoamine
neurotransmitter with numerous physiological functions

(Berger et al., 2009). Depending on the particular receptors
expressed in each vessel wall and surrounding smooth muscle
tissue, serotonin can cause vasoconstriction or vasodilation in
different vascular beds (Kaumann and Levy, 2006). In the liver,
serotonin constricts sinusoids and reduces fenestration size
(Wisse et al,, 1980; Oda et al.,, 1990). Gatmaitan et al. (1996)
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showed that the effect is mediated by decreasing cAMP and
increasing intracellular calcium levels in a matter of seconds.
Endothelin (ET) is a vasoconstricting peptide that is produced
in the endothelium and plays an important role in vascular
homeostasis (Kawanabe and Nauli, 2011). In LSEC, it decreases
both the number and the size of fenestrations (Kamegaya et al.,
2002; Yokomori et al, 2006) and it reduces the blood-flow
through the sinusoids (Zhang et al., 1994). Many ET receptor
antagonists are used as an efficient treatment for hypertension.
ET-A receptor antagonist (BQ-123) treatment (but not ET-B
receptor antagonists) abolished ET induced defenestration and
contraction of fenestrations (Yokomori et al., 2006). Blocking ET-
1 activity in vivo by BQ-123 led to gap formation shown by SEM
and TEM (Watanabe et al., 2007). The a-adrenergic receptor
family mediates vasoconstriction and is coupled to guanine
nucleotide regulatory proteins (G-proteins) (reviewed in Ruffolo
and Hieble, 1994). a-adrenergic receptor agonists were found
to have different effects on LSEC, epinephrine (adrenaline)
decreased sinusoidal blood flow and contracted sinusoids
and LSEC fenestrations (Oda et al., 1990), while in another
study sinusoids were found slightly enlarged, and fenestrations
unchanged (Wisse et al., 1980). Norepinephrine (noradrenaline)
was found to contract sinusoids and fenestrations in both
studies (Wisse et al., 1980; Oda et al,, 1990). Neuropeptide Y
(NPY), another vasoconstrictor generally coupled to G-protein
signaling, is involved in various physiological and homeostatic
processes (White, 1993) but also inhibits gastrointestinal motility
(Holzer et al,, 2012). In LSEC, NPY constricts both sinusoid and
fenestrations (Oda et al., 1990).

Signaling and Fenestration Maintenance

One of the most challenging aspects of studying LSEC is the
dedifferentiation in vitro after cell extraction. LSEC lose their
characteristic porous morphology after just few days in culture,
significantly restricting time for experiments. There have been
many attempts to slow down, stop or reverse that process (Bravo
et al., 2019; Di Martino et al., 2019) but the main mechanism(s)
behind the loss of fenestrations remain unknown.

Vascular Endothelial Growth Factor (VEGF) is a hormone
that stimulates acetogenesis and angiogenesis (Apte et al,, 2019).
In LSEC, VEGF has been shown to increase LSEC porosity
in vitro (Funyu et al,, 2001; Yokomori et al, 2003) as well
as to prolong the fenestrated phenotype of cultured LSEC
in vitro (Xie et al,, 2012b). Downregulation of VEGF signaling
has been associated with LSEC defenestration, capillarization
of sinusoids, and abnormal liver physiology (Carpenter et al.,
2005; DeLeve, 2015). DeLeve (2015) showed that VEGF promotes
fenestration formation/maintenance via NO-dependent and NO-
independent pathways. Moreover, VEGF can induce fenestration
like structures in other microvasculature, e.g., rat cremaster
capillary (Roberts and Palade, 1995).

Bone Morphogenetic Protein 9 (BMPY, also known as
GDF2) is a circulating endothelial quiescence factor (David
et al,, 2008). In LSEC it has been indicated as necessary
for fenestration maintenance and treating cells with BMP9
prolonged fenestrated phenotype in cultured LSEC (Desroches-
Castan et al., 2019a). BMP9 knockouts in 129/0Ola mice showed
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very low fenestration frequency compared to WT, without
changes to diameters (Desroches-Castan et al., 2019a). However,
a follow up study using C57/Black mice did not confirm these
results (Desroches-Castan et al., 2019b).

Platelet derived growth factor B (PDGF) is a member
of the PDGF family of major mitogens for many cell types
(Fredriksson et al., 2004). Hepatic vascular permeability was
highly increased in PDGF-B retention deficient mice, with a
three-fold increase in FITC-dextran absorption and a more
fenestrated phenotype (Raines et al., 2011). PDGF-B signaling is
involved in pericyte recruitment and function, and stellate cell
activation (Raines et al., 2011).

Liver X receptor (LXR) is a nuclear receptor expressed in
a number of tissues, but with highest expression in the liver
(Willy et al, 1995). Oxysterols are natural ligands of LXR
and LXR deletion exacerbates CCly induced capillarization and
basement membrane deposition (Xing et al, 2016). LXR also
acts antagonistically on Hedgehog signaling (Hh) (Kim et al.,
2009), while LSEC produce and respond to Hh ligands and
use Hh signaling to regulate complex phenotypic changes that
occur during capillarization. Moreover, inhibition of Hh using
cyclopamine induced fenestration in vitro (Xie et al., 2012a).

Plasmalemma vesicle-associated protein (PLVAP) is
associated with angiogenesis and vascular permeability, with
less expression in barrier endothelium, and its expression is
stimulated by VEGF (Bosma et al., 2018). PLVAP was found to be
associated with a normally fenestrated phenotype, while PLVAP
deficient mice present extremely low porosity and accumulation
of collagen in the space of Disse (Herrnberger et al.,, 2014).
Auvinen et al. (2019) found that there was no difference in
number of fenestrations in PLVAP-/- mice, though their data
shows greater variability in the knockouts. Both studies used
SEM of tissue blocks for quantitative analysis of fenestrations.
The difference may relate to the methods used to attain the
knockouts raising the question of either knockouts being
too broad/non-specific or insufficient. PLVAP mutations are
associated with loss of fenestration diaphragms in other tissues
(such as small intestine) (Elkadri et al., 2015).

Lab Tools and Experimental Models
Experimental Animal Models for the Study of LSEC
Fenestrations
Liver sinusoidal endothelial cells are the first line of defense
in the liver and alterations in LSEC play a crucial role in the
development of many liver diseases such as fibrosis, cirrhosis,
or cancer (Gracia-Sancho et al.,, 2021) as well as in the age-
related conditions (Hunt et al., 2018). To better understand
this role, many animal models have been used. Challenge with
certain drugs can mimic the development of these diseases
and reduce the time and/or costs compared to waiting for
them to spontaneously occur in animals (Table 3). Although
the exact mechanism of action of many of these drugs is not
known, the outcome is similar enough to study and propose
possible treatments.

Cirrhosis is a pathological liver state characterized by
abnormalities in hepatic architecture such as loss of fenestrations
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TABLE 3 | Experimental models and lab tools affecting LSEC fenestrations.

Cytoskeleton disruptors
Cytochalasin B

Cytochalasin D

Dihydrohalichondramide
Halihondramide

Jasplakinolide

Latrunculin A

Misakinolide

Swinhalide A

Disease models
Dimethyl nitrosamine (DMN)

Endotoxin/LPS

Galactosamine + endotoxin

Galactosamine + endotoxin
+ matrix metaloproteinase

Monocrotaline

Monocrotaline
+ V-PYRRO/NO

Poloxamer 407
Pyocyanin
Thiocacetamide (TAA)

Other

Superoxide anion (SOA)
and nitric oxide NO

7 keto cholesterol (7KC)
Antimycin A

Arsenic
C3 transferase

Fenestration
diameter

0/+

nd
nd

nd

nd

Porosity

+++

nd
nd
nd

nd

nd

nd

--/0

nd
nd

nd

nd

Fenestration
frequency

+++

++
ot

ot

++

+++

nd

nd

nd
nd

nd
nd

References

Braet et al., 1996a,b,c
Steffan et al., 1987

Braet et al., 1995a
Zapotoczny et al., 2017b, 2019b
Spector et al., 1999
Oda et al., 1993
Van Der Smissen et al., 1986
Steffan et al., 1986
Kalle et al., 1997

Svistounov et al., 2012;
Hunt et al., 2019

Braet et al., 2002
Braet et al., 2002
Zapotoczny et al., 2019b
Braet et al., 1998
Spector et al., 1999
Braet et al., 1996a
Spector et al., 1999
Braet et al., 1997

Braet et al., 1998, 1999; Spector et al.,
1999

Braet et al., 1998, 1999; Spector et al.,
1999

Fraser et al., 1991, 1995b; Rogers et al.,
1992; Tamba-Lebbie et al., 1993

Dobbs et al., 1994; Fraser et al., 1995b

Frenzel et al., 1977; Ito et al., 2006a
Sasaoki et al., 1995
Ito et al., 2006a
Ito et al., 2006a

Deleve et al., 1999
Deleve et al., 2003a,b

Deleve et al., 2003b

Cogger et al., 2006
Cheluvappa et al., 2007
Mori et al., 1993a,b
Xie et al., 2012b

Deaciuc et al., 1999

Svistounov et al., 2012; Hunt et al., 2019
Zapotoczny et al., 2017b
Braet et al., 2003
Straub et al., 2008
Yokomori et al., 2004
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Methods

a/b AFM, SEM, in vitro
¢ SEM, TEM, in vitro

SEM, TEM, in vitro
SEM, in vivo

TEM, in vitro
AFM, in vitro live
FL, SEM, TEM, in vitro
SEM, TEM, in vitro
TEM, in vitro, in vivo
SEM, in vivo
AFM, in vitro
SEM, in vitro

SEM, in vitro
SEM, in vitro
AFM, in vitro live
SEM, TEM, in vitro
FL, in vitro
SEM, TEM, in vitro
FL, in vitro
SEM, in vitro
SEM, TEM, in vitro

SEM, TEM, in vitro

SEM, in vivo
SEM, in vivo
SEM, TEM, in vivo
SEM, in vitro
SEM, TEM, in vivo

SEM, TEM, in vivo

SEM, TEM, in vivo
SEM, in vivo

SEM, in vivo

SEM, TEM, in vitro, in vivo

SEM, in vitro
SEM, TEM, in vivo
SEM, in vivo

SEM, TEM, in vivo

SEM, in vitro
AFM, in vitro live
SEM, TEM, in vitro

SEM, TEM, in vitro, in vivo

SEM, TEM, in vitro

(Continued)
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TABLE 3 | (Continued)
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Fenestration Porosity Fenestration References Methods
diameter frequency

Calcium ionophore - nd 0 Zapotoczny et al., 2019a AFM, in vitro

Oda et al., 1993 SEM, TEM, in vivo
Calmodulin agonist w7 + nd nd Oda et al., 1993 SEM, TEM, in vitro
Cyclopamine nd + nd Xie et al., 2012a SEM, in vitro
Diamide nd nd --- Zapotoczny et al., 2019a AFM, in vitro live
Hydrogen peroxide +/G --l+ - Cogger et al., 2001 SEM, TEM, in vivo

Straub et al., 2008 SEM, TEM, in vitro, in vivo

lodoacetic acid nd nd + Zapotoczny et al., 2019a AFM, in vitro live
Lysophosphatic acid (LPA) - nd -- Yokomori et al., 2004 SEM, TEM, in vitro
Phorbol myristate acetate 0 nd - de Zanger et al., 1997 SEM, in vitro
(PMA)
S-nitroso-N-acetyl G nd 0 Deaciuc et al., 1999 SEM, TEM, in vive
penicillamine (SNAP)
Staurosporine 0 nd - de Zanger et al., 1997 SEM, in vitro
Tert-butyl hydroperoxide G + 0 Cogger et al., 2004 SEM, TEM, in vitro, in vivo
Triton x100 0 -- nd Svistounov et al., 2012 SEM, in vitro
Trombospondin 1 nd -- -- Venkatraman and Tucker-Kellogg, 2013 SEM, in vitro
“0,” no change; G, gaps; nd, no data; increase: "+,” <50%; “++,” 50-100%, “+++,” > 100%; decrease: "-," <50%, "--," >50%; "- - -,” defenestration.

(defenestration) and the build-up of basement membrane formed
from collagen deposition in the space of Disse. Interestingly, the
first stages of capillarization and defenestration was reported to
be reversible prior to the deposition of collagen and formation
of a basement membrane which indicates progression from
fibrosis to cirrhosis (Xie et al., 2012b). Drugs such as dimethyl
nitrosamine (DMN) or thioacetamide (TAA) are used to
induce cirrhotic morphology in LSEC in animal models. Chronic
admission of DMN (Fraser et al., 1991; Tamba-Lebbie et al.,
1993) and TAA (Mori et al., 1993b; Xie et al, 2012b) was
shown to lead to the loss of fenestrations, however the precise
mechanism(s) behind this remains unknown. It was suggested
that soluble guanine cyclase (sGC) is a crucial element of
signaling necessary to maintain fenestrated LSEC morphology.
sGC activation normalizes LSEC phenotype and completely
prevents progression of fibrosis despite ongoing TAA exposure,
so the limiting defect responsible for capillarization in this
model of cirrhosis was in the NO/sGC/cGMP pathway (Xie
et al., 2012b). Defenestration is an important step not only in
cirrhosis and fibrosis but also with aging and its development
and has an impact on the whole organism. Lack of filtration of
chylomicrons and chylomicron remnants leads to hyperlipidemia
(Rogers et al., 1992). Cogger et al. (2006) showed that poloxamer
407, a synthetic surfactant causes dramatic defenestration and
massive hyperlipidemia. This finding suggests a direct role of
LSEC porosity in the lipid clearance in the liver.

Monocrotaline has been used to a model hepatic veno-
occlusive disease (Deleve et al., 1999) and sinusoidal obstruction
syndrome (SOS) (DeLeve et al., 2003a,b). Toxic effects were
observed only in LSEC but not in hepatocytes nor in other
parts of the endothelium. LSEC metabolize monocrotaline by
conjugation to glutathione and detoxify to pyrrolic metabolite.
It is believed to be a stable reproducible model resulting
in a decreased number of fenestrations, gap formation and
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discontinuous sinusoid occurrence (DeLeve et al., 1999). It is an
important reminder that LSEC also can metabolize drugs and it
is not only the hepatocytes that have this function in the liver.

Galactosamine, together with endotoxin or TNF, causes
gap formation in the sinusoids and can be used to study
the neutrophil extravasation in the acute inflammatory tissue
injury (Ito et al, 2006a). It was shown that inhibition of
matrix metalloproteinases, which are involved in gap formation,
reduces the neutrophil accumulation in the sinusoids. Bacterial
endotoxin alone plays a role in the pathogenesis of cirrhosis,
decreasing both number and diameter of fenestrations (Dobbs
et al., 1994). Other bacterial toxins, such as pyocyanin or LPS,
are used in studies of post-transplantation complications such
as sepsis or ischemia-reperfusion injury. Pyocyanin treatment
decreases porosity by its effects on the frequency of fenestrations
and can be prevented by addition of catalase. This result
suggests that the mechanism involves hydrogen peroxide-
induced oxidative stress (Cheluvappa et al., 2007).

Another bacterial toxin, Clostridium botulinum C3-like
transferase (C3-transferase), together with lysophosphatic acid
(LPA) was tested in a study from 2004. C3-transferase is a rho
inhibitor, while LPA is a rho stimulator. Rho was found to
be an important regulator of the actin cytoskeleton and was
therefore tested for its influence on fenestration and LSEC in
general. The in vitro experiments on rat LSEC showed dilation
and fusion of fenestrations after treatment with C3-transferase,
while contraction occurred when the cells were treated with LPA.
Additionally LPA caused an increase in F-actin stress fiber and
actin microfilaments, while C3-transferase treatment showed the
opposite (Yokomori et al., 2004).

Several models of experimental liver injury show similar
morphological alterations, including gaps and ruptured
sinusoids. Deaciuc et al. (1999) showed that these early changes
can be mediated by the free radical species. The in vitro treatment
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of rat LSEC with superoxide anion or nitric oxide resemble the
observations from in vivo experiments with various hepatotoxins.
Treatment with hydrogen peroxide also increased fenestration
diameter and decreased fenestration number (Cogger et al.,
2001). High porosity values can be misleading in the studies
where gap formation is observed so measurement of all three
morphology parameters should be considered. Straub et al.
(2008) presented that effect of low doses of arsenic, mimicking
water contamination levels, also act through reactive oxygen
species (ROS) generated by NADPH oxidase (NOX). This
mechanism was confirmed by the protective (against arsenite)
results from NOX deficient mice and use of NOX inhibitors.

Cytoskeleton Disruptors

Numerous agents acting on the actin cytoskeleton have
significant effects on fenestration (Table 3). Two main groups
include marine sponge- and mushroom-derived toxins.
Relatively well-known mechanisms of action of these toxins
allowed the study of the link between actin cytoskeleton
and fenestrae. An extensive chapter from Braet et al. (2008),
provides an overview on the in vitro effects of actin binding
agents such as cytochalasin B, latrunculin A, jasplakinolide
A, swinholide A, misakinolide A, halichondramide, and
dihydrohalichondramide. Despite different mechanisms of
promoting/inhibiting actin polymerization or fiber stabilization,
all drugs result in an increase of fenestration number. The most
surprising finding is the effects of jasplakinolide which promotes
polymerization and stabilization of actin in other cells, but in
LSEC no such effect was shown. Instead, the loss of fibers and
accumulation of actin in single spots occurs within minutes of
jasplakinolide treatment (Spector et al., 1999). These structures,
described as ‘actin dots; are not fully understood, but they
resemble recently described actin asters which may be connected
with lipid raft reorganization (Fritzsche et al., 2017). There is
an ongoing discussion about the specificity of those agents for
actin. For example, cytochalasin B (but not D) was shown to
influence transport of glucose across cell membranes and its
overall effect can be influenced by changes in glycolysis and
metabolism (Kapoor et al., 2016). Iodoacetic acid acts on both
actin and spectrin and was shown to decrease stress filament
formation. Moreover, it caused an increase in porosity and
rapid opening and closing of fenestrations (Zapotoczny et al.,
2019a). Nevertheless, agents acting on the actin cytoskeleton
remain the most important tools for studying fenestration
structure and dynamics.

Other Agents Affecting Fenestrations
Svistounov et al. (2012) emphasized the importance of lipid
membrane stability and lipid rafts on LSEC morphology.
Surfactants such as Triton X100 or poloxamer showed
destabilization of the cell membrane and promotion of lipid
raft formation which resulted in a decrease or even complete
ablation of fenestrations. Moreover, the reduction of lipid raft
formation by 7 keto-cholesterol (7KC) increased the number
of fenestrations showing the connection between fenestration
structure, actin and cell membrane (Hunt et al., 2019).
Thrombospondin 1 (TSP) is a matrix glycoprotein with
pro-fibrotic effects. In a study from 2013 (Venkatraman and
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Tucker-Kellogg, 2013) it was shown to cause dose-dependent
defenestration in LSECs at 100 ng/mL. The authors additionally
showed that the CD47-binding fragment of TSP1, p4AN1 - which
has anti-angiogenic effects in endothelial cells, also induces
defenestration in LSECs.

The influence of phorbol myristate acetate (PMA), a protein-
kinase-C (PKC) activator and staurosporine, a PKC inhibitor,
on LSEC have been examined by de Zanger et al. (1997). The
in vitro treatment of rat cells for 2-7 days resulted in a decrease in
porosity, due to the decrease in fenestration number without any
observable change in fenestration diameter, when treated with
PMA. However, despite the decrease in porosity, PMA improves
LSEC cultures in terms of viability and purit, and fenestrated
morphology was maintained after 7 days (de Zanger et al., 1997).
Treatment with staurosporine or PMA and staurosporine showed
enlarged fenestrations, gap formation and a decrease in porosity.
The authors concluded that PMA acts on LSEC through PKC
based on the staurosporine treatment neutralizing the PMA
treatment effects.

Deaciuc et al. (1999) tested rat livers challenged with
superoxide anion [S-nitroso-N-acetyl penicillamine (SNAP)]
and nitric oxide [xanthine oxidase plus hypoxanthine
(XO + HX)] generating substances. They theorized that
early morphological LSEC alterations associated with liver injury
are influenced by free radical species. When they perfused the rat
livers with SNAP, they found a suppression of hyaluronan uptake
(a test of LSEC endocytosis capacity) and the formation/creation
of large gaps in LSEC morphology, sometimes instead of sieve
plates, and sometimes together with fenestrations present
in sieve plates.

MECHANISMS

As discussed above, a variety of agents have been tested so
far showing their effect on fenestrae. Some of the agents
changed the number of fenestrations, while others alter their
diameters or distribution (gathered in sieve plates or individual
fenestrations), including the formation of gaps. However, the
clear understanding of why individual drugs have their effects
on LSEC is still lacking. The main reason is that many drugs
have cross-effects at the cellular level, affecting more than one
cellular mechanism/pathway, including the rearrangement of
cytoskeleton. Therefore, it is challenging to predict how a drug
will work on LSEC fenestrations.

A thorough analysis of the effects of a variety of agents
changing porosity, fenestration frequency, and fenestration
diameters (including gap formation) resulted in four
different hypotheses. These independent but overlapping
ideas describe the possible mechanisms behind fenestration
structure and dynamics.

(I) Actin  (de)polymerization regulates the number of
fenestrations (Braet et al., 1996b; Spector et al., 1999; Braet
and Wisse, 2002; Monkemoller et al., 2015). The hypothesis
was discussed in Braet et al. (1995a), Braet et al. (1996b)
and has been developed over the years. It was presented
that the cytoskeleton plays a crucial role in the porosity
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of LSEC. Fenestrae-associated cytoskeleton rings (FACR)
surround each fenestration and sieve plate-associated
cytoskeleton surround sieve plates (Braet et al.,, 1995b).
The application of actin (de)polymerization targeting
drugs revealed the direct connection between actin
cytoskeleton and fenestration number in LSEC (Spector
etal., 1999; Carpenter et al., 2005). However, the disruption
of actin does not destroy fenestration structure, which
indicated the complex structure of FACR. Later it was
reported that actin filaments surround each fenestration
within a sieve plate (Mdankemaller et al., 2015).

Calcium ions regulate the diameter of fenestrations.
This second hypothesis was summed up in 2002
(Braet and Wisse, 2002). It is mainly based on the
research of Oda and Yokomori presenting the role of
calcium/calmodulin/actomyosin  in  the contractility
of fenestration diameters (Oda et al., 1990; Yokomori
et al., 2004). The regulation of myosin light chain
(MLC) phosphorylation occurs via calcium-calmodulin
signaling. Further it was suggested that MLC kinase and
phosphatase may exert different effects on cell morphology
(Yokomori et al., 2004).

Regulation of fenestrations depends on lipid rafts. The sieve-
raft hypothesis assumes that fenestrations are formed in
the flat areas of the cell periphery, in between lipid rafts,
where the cell membrane is more flexible and more prone
to shape changes (Svistounov et al., 2012). Also, other ways
in which lipid rafts can be connected with fenestration
were proposed, such as influence on signal transduction or
indirect regulation of some signaling pathways.

Spectrin is involved in the open versus closed state
of fenestration. The hypothesis decouples the direct
actin regulation from the number of fenestrations.
Instead, the interplay Dbetween the membrane
scaffold and actin cytoskeleton is responsible for
the opening of the fenestration within the actin ring
(Zapotoczny et al., 2019a).

(I1)

(I1I)

(Iv)

All the above hypotheses do not exclude each other and
only emphasize how complicated the mechanisms regulating the
number, shape, and size of fenestrations can be. In the following
subsections we will focus on the physiological regulation
of number and size of fenestrations, apart from the direct
(often toxic) effect of actin disturbing drugs (described above).
The analysis of different agents acting on LSEC fenestrations
leads to the conclusion that the phosphorylation of myosin
light chain (MLC) is the core of various pathways regulating
actin (de)polymerization. Calcium dependent and independent
activation (phosphorylation) of MLC and release of actin binding
proteins (such as tropomodulin, tropomyosin, caldesmon) leads
to contraction of fenestrations and decrease in the number
of fenestrations, while MLC dephosphorylation leads to the
relaxation of MLC and promotes more fenestrated morphology
of LSEC. The local balances regulating the levels of calcium,
ROS, or NO in different parts of the cell ensure active control
over the dynamics of fenestrated LSEC. The regulation covers
the (de)activation of membrane proteins which may affect
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actin association to the membrane. Finally, the oxidative state
of membrane cytoskeleton and lipid rafts distribution are
additionally (passively or actively) involved in this regulation.

Cytoskeleton

SEM and TEM allowed visualization of the fenestrae-associated
cytoskeleton rings (FACR) in LSEC (Braet et al, 1996b).
Preparations of “ghost” cells, after removing cell membrane with
detergent, revealed a network of filaments associated with sieve
plates surrounded by thicker filaments. Precise identification
was not possible, but the high resolution of those techniques
allowed diameter measurements suggesting a mesh of actin
fibers surrounded by microtubules. The gap in the chemical
information has been filled with super resolution fluorescence
microscopy. Monkemoller et al. (2015) showed the first direct
correlation between the localization of cell membrane and actin
around fenestration, using SIM. Recently, FACR structures could
be also visualized in high resolution using AFM and dSTORM
(Zapotoczny et al., 2017b, 2019a). It was also presented that the
complete actin ring is necessary to form an open pore within a
FACR (Zapotoczny et al., 2019a).

Cytoskeleton remodeling that influences the number of
fenestrations was demonstrated for live LSEC. During the first
hours after isolation LSEC spread on the substrate, opening
and closing individual fenestrations and whole sieve plates. It
indicated that fenestrations are not preserved from the in vivo
to the in vitro state and their formation and closing is dynamic
as previously suggested (Bract and Wisse, 2012). With time, the
dynamics of fenestrations was shown to be slower (Zapotoczny
et al., 2020). Still, fenestrations in isolated LSEC were shown to
freely migrate several micrometers, and changing their diameter
up to 200% during their ~ 20 min lifespan.

Interesting labyrinth like structures have been observed
in vitro in the proximity of the perinuclear area of LSEC (Braet
et al,, 2009). Some fenestrations form three dimensional multi-
folded tunnels that are not always passing through the cell which
contradicts the sieving role of LSEC. One possible explanation
could be that these structures are caused by the cell isolation
process because they have not been observed in vivo (in tissue
samples). After digestion of the liver with Liberase/collagenase
cells are detached from each other, perhaps disrupting parts
of their cytoskeleton in a way that can be beyond repair
after reattachment in vitro. Another explanation assumes that
microfilament-disruption induces translocation of pre-existing
three-dimensional organized fenestrae forming centers (FFCs)
from the perinuclear area toward the peripheral cytoplasm (Braet
et al., 1998, 2007). Recently, the formation of FFC was shown
in live LSEC. It was confirmed that FFC are involved in the
rapid increase in fenestration number, both in control and
drug treated LSEC.

The importance of the actin cytoskeleton and the structure
of FACR was confirmed by the dramatic effects of any agent
directly affecting actin. Actin disruptors (see Table 3 and
Figure 3) were shown to rapidly induce the formation of
new fenestrations (up to 300% porosity increase in 30 min
by cytochalasin B) despite different mechanisms of actin
depolymerization (Steffan et al., 1987; Zapotoczny et al., 2017b).
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Other drugs that indirectly cause actin depolymerization, such
as iodoacetic acid, metformin or sildenafil, also resulted in the
increase in fenestration number (Hunt et al., 2019; Zapotoczny
et al., 2019a). Altogether, agents acting on actin cytoskeleton
remain the most important tools in studying fenestration
structure and dynamics.

Understanding the mode of action of actin disturbing
agents may help us reveal fenestration structure. Actin fibers
are regulated by a set of proteins such as profilin, gelsolin,
or cofilin that create the dynamic, out-of-equilibrium state.
Every actin-binding protein, regardless of the location of its
actin-binding site, influences the adenine nucleotide exchange
rate of actin and the ratio of G (monomer/globular) and F
(polymerized/filamentous) actin (Figure 3). Control over that
process is maintained by many signaling pathways allowing
LSEC to adjust the morphology according to internal and
external stimuli. Actin disrupting agents act similarly to those
controlling proteins. However, they lack control or feedback loop
systems therefore result in rapid and dramatic changes. The
importance of the controlled signaling is especially visible in
prolonged in vitro LSEC culture where changes in cytoskeleton,
such as stress fiber formation and fenestration disappearance,
occur (Yokomori et al., 2004). However, the direct relationship
between the actin polymerization into the thick stress fibers
and the decrease in the number of fenestrations needs
to be evaluated.

In fact, actin is the only demonstrated protein that was
validated to have a direct impact on the number of fenestrations.
Therefore, we discuss the various signaling pathways leading to
actin and actin related proteins and the ways to affect them to
observe the desired effect on fenestrations in the next section.

MLC Phosphorylation - The Core of the

Fenestration’s Regulation

Myosins convert ATP to create a mechanical force on actin.
Created tension in actomyosin cytoskeleton is necessary for
number of cellular processes, including cell motility, cytokinesis
and intracellular trafficking (Brito and Sousa, 2020). The myosins
contain a neck region allowing to bind myosin light chain
(MLC) domains, which are regulated by the phosphorylation
and dephosphorylation via MLCK and MLCP respectively. In its
phosphorylated/active form, MLC results in activation of ATP
dependent myosin heavy chain binding to f-actin, which creates
an active contractile force. With 30 classes of molecular motors
in myosin superfamily regulating variety of cellular processes
(Brito and Sousa, 2020) several reports have been dedicated to
the role of MLC in the regulation of fenestration diameters. In
the following subsections we focused on the cellular machinery
involved in the regulation of MLC phosphorylation via calcium,
NO, and ROS pathways.

Lipid Rafts

The existence and role of lipid rafts has caused divisions
in the scientific community in recent years and during The
Keystone Symposium on Lipid Rafts and Cell Function (2006)
the following definition was adopted: “Membrane rafts are
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small (10-200 nm), heterogeneous, highly dynamic, sterol- and
sphingolipid-enriched domains that compartmentalize cellular
processes. Small rafts can sometimes be stabilized to form
larger platforms through protein-protein and protein-lipid
interactions.” The role of lipid rafts in fenestrations structure
and dynamics was studied only recently (Svistounov et al., 2012)
and then the hypothesis of sieve-raft regulation of fenestrations
was proposed by Cogger et al. (2013). Visualization with SIM
revealed that rafts are not present inside sieve plates but
rather surround them in an inverse distribution (Svistounov
et al,, 2012). Fenestrations are formed in the flat, non-raft
lipid-disordered regions and are prone to changes in raft
organization. 7 keto cholesterol (7KC) increases lipid ordered,
non-raft regions and thus promotes fenestration formation while
detergent Triton X-100 increases the relative area of raft rich
regions and decreases fenestration number (Svistounov et al.,
2012; Hunt et al,, 2018) (causing complete defenestration at
high Triton X-100 concentrations). High doses of 7KC caused
gap formation and retraction of cell membrane, which can
be explained by deficits in cell membranes after depletion of
rafts. Another detergent, poloxamer 407, was also reported to
elicit massive defenestration of LSEC (Cogger et al., 2006).
Interestingly, pre-treatment with Triton X-100 (increases rafts)
abrogated the effect of cytochalasin D and no increase in porosity
was observed (Svistounov et al., 2012). This result elucidates
the tight connection between rafts and actin cytoskeleton
in fenestration structure and/or dynamics. However, it was
reported that the lipid rafts in biological membranes induced by
detergents may not fully resemble the normal functional rafts
(Heerklotz, 2002).

Rafts are enriched in sphingolipids and cholesterol which
engenders membrane stability and provides a platform for many
membrane proteins that may contribute to their connection to
the actin cytoskeleton (Viola and Gupta, 2007). The anchoring
of actin to the lipid rafts was suggested to be realized through
the FERM domain of ERM proteins and talin (Chichili and
Rodgers, 2009), as well as adducin (Yang et al., 2018) and spectrin
(Ciana et al,, 2011). Functional rafts may not be steady-state
phenomena; they might form, grow, cluster or break up, shrink,
and vanish according to functional requirements, regulated by
rather subtle changes in the activity (disordering or ordering)
of membrane compounds (Heerklotz, 2002). These properties
might be connected with the dynamic nature of fenestrations
and LSEC’s ability to rapidly respond via morphology changes.
The amount of lipid rafts may also have an indirect effect
on fenestrations, through interactions independent of actin.
It has been reported that ABC transporters, which decrease
intracellular cGMP levels by its efflux, work less efficiently out
of raft regions (Klappe et al, 2009). cGMP is an important
signaling molecule that acts on fenestrations through PKG,
decreasing intracellular calcium and promoting relaxation, both
of which are connected with growing fenestration number.
Lipid rafts may also affect many signal transduction pathways
in the cell by serving as platforms to bring receptors into
proximity with activating kinases, scaffolding proteins, and
adaptor molecules that are constituent residents of lipid rafts
(Rauch and Fackler, 2007).
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FIGURE 3 | Schematic representation of the effects of actin disrupting drugs on actin filaments. Depolymerization of the barbed end of the actin filament is inhibited
by CYT, MIS, and HALI which cap the barbed end, and by PHAL and JASP which attach from the side, additionally stabilizing the fiber. Latrunculin promotes
depolymerization by specific sequestration of monomeric actin. Polymerization is stimulated by JASP which also binds competitively to PHAL. Barbed end
polymerization is inhibited by CYT, LAT, SWA, and MIS. Both MIS and SWA bind two actin monomers, however only MIS caps the barbed end. HALI and SWA
stimulate severing of the actin filament. CYT, cytochalasin; HALI, halihondramide; JASP, jasplakinolide; LAT, latrunculin; MIS, misakinolide; PHAL, phalloidin; SWA,

swinholide.

Spectrin

It was reported that only completely closed FACR structures
contained fenestrations in the open state (Zapotoczny et al,
2019a). It was proposed that spectrin arranges actin to form a
ring-like structure. Although the actin cytoskeleton is important
part of fenestration structure, the membrane scaffold has a role
in the regulation of opening of fenestration within FACR. In the
spectrin-actin hypothesis, fenestrations can be opened if the cell
height does not exceed 300-400 nm, which is double the length
of the spectrin unit (Zapotoczny et al., 2019a). The proposed
mechanism is based on the observation of both open and
closed fenestrations within actin rings in live LSEC in vitro. The
switch between the open and closed state was pharmacologically
induced. The actin-spectrin complexes are strong enough to
allow migration of the individual fenestrations across the cell
membrane. Moreover, it can explain, why actin depolymerizing
agents induce new fenestrations: spectrin can arrange short actin
fibers to form ring like structures, and decreased cell height allows
spectrin units to bind, forming new FACRs. In 2020, the role
of actin/fodrin (non-erythroidal spectrin) was reported to be
required in fenestration biogenesis in the endothelioma cell line
bENDS5, in which fenestrations can be induced pharmacologically
(Ju et al., 2020). Authors showed a close association between
beta actin and spectrin. Moreover, they reported that knockout
of alpha spectrin resulted in 10-fold decrease in the number
of fenestrations. Nevertheless, despite the increasing interest in
this membrane cytoskeletal protein the knowledge of membrane
skeleton regulation in endothelial cells is poorly understood.

Regulation via Ca%*
The role of calcium in the regulation of fenestration diameters
was discussed by Braet and Wisse (2002). The serotonin induced
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influx of calcium was described to cause calcium-calmodulin
dependent phosphorylation of MLCK decreasing the size of
fenestrae, denoted as contraction. The reverse effect remained
as speculation. Later, Yokomori et al. (2004) summarized
that calcium influx affected not only MLCK, but also Rho
activity. Thus, calcium can affect both MLCK and ROCK
dependent phosphorylation of MLC. The authors presented
results of LPA and C3 transferase, causing fenestration closing
and dilating respectively, indicating that they act through MLC
phosphorylation. In the Figure 4 we extended the possible
regulation of MLC phosphorylation, based on the current
state of knowledge. MLC is activated by the calcium mediated
phosphorylation via myosin light chain kinase (MLCK) (Rigor
et al, 2013). The activity of MLCK is increased by Ca®*-
calmodulin binding and by phosphorylation by protein kinase C
(PKC). PKC can also further promote MLC phosphorylation by
inhibition of MLCP, however, this pathway was not confirmed
in endothelium (Somlyo and Somlyo, 2000). The activation of
MLCK can be hampered by the cAMP dependent kinase -
protein kinase A (PKA). PKA binds to the similar region
of MLCK to the Ca?*-calmodulin complex binding domain,
hampering calcium dependent MLC phosphorylation. However,
the activation of MLC is not sufficient to create a contractile
force of the actomyosin complex. The actin binding proteins
ensure additional control. Actin is stabilized by e.g., tropomyosin,
tropomodulin, caldesmon, or calpain. The release of these
proteins from actin is controlled in a calcium-concentration-
dependent manner, allowing myosin to reach actin (Hepler,
2016). Moreover, the activation of actin polymerization processes,
e.g., by gelsolin, profilin or cofilin is also calcium dependent
and results in an increase in actin polymerization. The calcium
level, regulated by calcium membrane channels and pumps or
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FIGURE 4 | This scheme represents an attempt in unifying the proposed hypotheses of mechanisms behind the structure and dynamics of fenestrations. Various
signaling pathways involved in the regulation of fenestrations in LSEC are based on the studies of LSEC (or other endothelial cells). The drugs with known
mechanisms of action and reported to affect fenestrations are summarized in Table 4.

by endoplasmic reticulum release, causes a cascade of cellular
mechanisms driving local changes in the cytoskeleton. These
changes vary in different cells and the details of these processes
is beyond the scope of this review. The contraction of actomyosin
is permanent. It means that it must be actively undone to ensure
actomyosin relaxation. The balance of (de)phosphorylation of
MLC is maintained by MLC phosphatase (MLCP). The enzyme
activity is independent of the calcium plasma concentration
(Alvarez-Santos et al, 2020). In addition to the role in the
dephosphorylation of MLC, it exhibits phosphatase activity
toward other proteins, such as ankyrin, adducin, Tau, merlin,
calcineurin-A, interleukin-16, Rb, moezin, and ezrin (Kiss et al.,
2019). Inhibition of MLCP (MYPT1 complex) by activation of
the RhoA/ROCK pathway, results in indirect increase in the level
of phosphorylated MLC and an increase in/of the contractile
forces. PKA, PKG, and PKC also cause phosphorylation of
MLCP. However, a recent study showed that in contrast to
the RhoA/ROCK pathway, PKG- induced phosphorylation has
no effect on MLCP activity (MacDonald and Walsh, 2018).
It needs to be emphasized that the phosphorylation of MLC
is connected to the formation of fibrous actin (via activation
of actin nucleation proteins - e.g., gelsolin, profilin, cofilin,
as mentioned) and vice versa. It was suggested that actin
polymerization is necessary for force development (Mehta
and Gunst, 1999). Therefore, the actin relaxation/contraction
state is to some extent connected with the (de)polymerization
of actin. The effects of certain drugs on fenestrations may
be a sum of both.
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Regulation via NO

Nitric oxide is one of the most important signaling molecules
in endothelial cells and plays a crucial role in the maintenance
of fenestrations in LSEC (DeLeve, 2015). NO stimulates sGC
synthase and thus increases the ¢GMP level which then
starts a cascade of signaling. ¢cGMP stimulates the efflux of
intracellular calcium into endoplasmic reticulum storage which
reduces activation of MLCK through calmodulin. There are
also suggestions that ¢cGMP in microvascular endothelium
can act through PKG to activate MLCP leading to further
dephosphorylation of MLC (Rigor et al, 2013), but this
mechanism was shown only in vascular smooth muscle cells.
As described above, we propose that inactivation of MLCK
together with a decrease in Ca®* leads to actin relaxation, which
results in the increase in fenestration diameter and/or number.
There is also evidence of crosstalk between ¢cGMP and cAMP
levels which could further affect the MLC phosphorylation state
(Chong et al., 2005). The exact mechanisms of action of NO
on LSEC fenestration have not been described yet, however
the cGMP/Ca pathway has been shown to be a part of VEGF
induced NO production (Xie et al., 2012b; DeLeve, 2015). Two
main sources of intracellular NO are synthases eNOS (activated
among others by VEGE endothelin, or estrogen) and iNOS
(activated by cytokines during liver injuries). Both are responsible
for LSEC phenotype maintenance as well as cell response to
pathophysiological conditions (DeLeve et al., 2003b). The results
of treatment with PMA — which activates PKC and can lead
to increased NO production by eNOS — show a positive

September 2021 | Volume 12 | Article 735573



Szafranska et al.

TABLE 4 | Agents with known mechanism of action and their effects on LSEC
fenestrations.

Inhibitor Target Effect References

C3 transferase RhoA FN+,D 1 Yokomori et al., 2004

Simvastatin CDh47 FN +,D ¢ Hunt et al., 2019

Y27635 ROCK FN + Venkatraman and
Tucker-Kellogg, 2013

W7 Calmodulin D1 QOda et al., 1993

7 keto cholesterol Lipid rafts FN 1+,D ¢ Svistounov et al., 2012

Amlodipine Ca channel FN + Hunt et al., 2019

Promotor/activator Target Effect References

LPA RhoA Dl Yokomori et al., 2004

Sildenafil cGMP FNt Hunt et al., 2019

Amlodipine

TRAIL

Phorbol myristate PKC FNL de Zanger et al., 1997

Thrombaspondin CcD4r7 Defenestration Venkatraman and
Tucker-Kellogg, 2013

Simvastatin NO FNt, Dl Venkatraman and

Tucker-Kellogg, 2013; Hunt
etal, 2019
Serotonin Ca channel Dy Gatmaitan and Arias, 1993;

Braet et al,, 1995a
FN, fenestration number; D, fenestration diameter; 1/\, increase/decrease.

effect on maintenance of LSEC morphology in vitro (de Zanger
et al., 1997). The effect was confirmed by co-administration of
staurosporine, which inhibits PKC.

The effect of NO is complex and involves many different
pathways. Besides ¢cGMP signaling, NO can (competitively to
02) bind to complex IV in mitochondria, blocking the electron
transport chain which results in an increased ROS production
(Moncada and Erusalimsky, 2002). NO can then combine
with ROS creating highly reactive peroxynitrate ONOO™. NO
production by NOS is calcium dependent but at the same
time NO contributes to changes in intracellular calcium. Those
mechanisms seem to work as a feedback loop gently steering
the cell response, especially since NO is not a stable molecule
so its influence is restricted to areas local to its synthesis. In
LSEC, NO is required for fenestration maintenance. However,
it is not sufficient alone, and other NO independent pathways
are necessary. It has been shown that, besides NO production
stimulated by VEGE, NO-independent VEGF signaling is needed
also (Xie et al., 2012b). We propose two possible mechanisms: in
endothelial cells VEGF can act through its membrane receptor
on PLC, followed release of the Ca’* from the endoplasmic
reticulum (Rigor et al, 2013). Then, PKC enters a feedback
loop of NO production leading to a decrease in Ca**. This
would even further increase the NO production, but also
would act as a balancing effect for calcium ions. NO can also
induce protein S-nitrosilation, however it has been found not to
affect fenestrations (Xie et al., 2012b). The other possibility is,
reported in HUVEC, inhibition of Rho/ROCK pathway by VEGF
receptors (Tagashira et al., 2018) which has been shown to play an
important role in fenestration maintenance.
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The c¢GMP pathway is a promising target for novel
therapeutics for liver diseases and aging as restoration of cGMP
levels can restore fenestrations in LSEC (Xie et al., 2012b).
Drugs such as sildenafil influence cGMP by blocking its efflux
by ABC transporters and degradation by phosphodiesterases
(PDE) (Toque et al., 2008; Sager et al., 2012). Amlodipine, a
blood pressure medication also affects fenestrations by acting
through both ¢cGMP and inhibition of Ca®* channels (Berkels
et al, 2004). Another drug used for lowering blood lipid
levels — simvastatin, promotes NO production directly via
the Akt pathway and through inhibition of Rho GTPases
(de Sotomayor and Andriantsitohaina, 2001).

Regulation via ROS

There are many sources of ROS within the cell, such as the
mitochondrial electron transport chain, NADPH and xanthine
oxidase and, highly expressed in endothelium, eNOS when
uncoupled (Widlansky and Gutterman, 2011; Jerkic and Letarte,
2015). ROS were initially considered mostly as cytotoxic,
but recent reports summarize their positive regulatory roles
both in physiological and pathological endothelium, reviewed
in Widlansky and Gutterman (2011).

Recently the cytoprotective role of ROS through activation
of autophagy signaling was shown in early ischemia injury
(Bhogal et al, 2018). LSEC morphology is sensitive to ROS
levels and many agents act through this mechanism, such as
e.g., ethanol and acetaminophen causing the disappearance of
fenestrations (Deaciuc et al., 1999). In vivo studies showed large
gaps in LSEC caused by ROS, generated by xanthine oxidase and
hypoxanthine suggesting destabilization of fenestrations which
also prevent cells from closing those gaps (Deaciuc et al., 1999).
Glutathione (GSH) is the main physiological countermeasure to
free radicals such as ROS. Reducing agents such as NAC can
reduce the depletion of GSH due to the presence of oxidative
stress (Sun et al,, 2014). The effect of ROS on fenestrations
may come from different mechanisms based on the disturbance
of the redox balance in the cell. Intracellularly, mitochondria
are the main source of ROS while glycolysis is the main
source of reducing agents such as GSH and NADH. Scavenging
of ROS directly activates the Rho/ROCK signaling pathways
(Popova et al., 2010) which may lead to promotion of stress
fibers. By analogy, the reduction of ROS by antioxidants should
lead to reduction of Rho/ROCK signaling, therefore promoting
fenestration formation. This mechanism would explain the age-
related defenestration associated with higher levels of ROS and
reduced redox capabilities in the cells (Herrera et al., 2010).

In endothelial cells, ROS can act as a messenger molecule
activating various signaling pathways. Besides the mitochondria,
a second main ROS source are NAD(P)H oxidases which can
be stimulated by various vasoactive agents (Griendling et al,
2000). It has been shown that LSEC morphology is sensitive
to both vasodilators and vasoconstrictors, which was shown
to increase and decrease the fenestration diameter respectively
(Table 2). Moreover, LSEC lack underlying smooth muscles
cells to emphasize the response to vasoconstrictors/dilators.
There might exist more complicated cellular mechanisms in
LSEC to compensate for this. Altogether, those findings suggest
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that ROS may be part of signaling cascades activating redox-
sensitive proteins.

CONCLUSION

Drug clearance mediated by the liver is heavily dependent
on the proper phenotype of LSEC, including the transport
through fenestrations. Individual drugs and stimulants have
been reported to influence the porosity of LSEC. Some drugs
show beneficial effects on LSEC phenotype, potentially allowing
re-opening fenestration (“re-fenestration™) which could be of
benefit in the elderly. The role of LSEC senescence and “anti-
aging” senolytic drugs, with regard to porosity, warrants further
study. However, the background of polypharmacy (regular
daily consumption of 4 or more medicines) in much of the
elderly population needs to be considered in the refenestration
context. Within this review we highlighted the areas of research
which will be particularly beneficial for both physicians and
researchers. LSEC research is growing in recent years and
the latest stage of our knowledge about fenestrations is now
facilitated with novel microscopic techniques. These super-
resolution methods will continue to improve, so it is appropriate
for the field to simultaneously improve sample status, for
example to examine living LSEC, or “wet” fixed preparations
of LSEC or whole liver mounts instead of dehydrated cells.
The substrate upon which LSEC are typically cultured also
likely needs to be re-worked - tissue culture plastic is
considerably stiffer than the LSEC’s natural surroundings, so
other softer gel-based substrates should be considered, such
as those described by Guixé-Muntet et al. (2020). Ultimately,
in vivo imaging of LSEC fenestrations in sifu would be
the ideal real-time test of refenestration therapies, but the
challenges (e.g., movement due breathing and heart beat) for
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Abstract: Fenestrations in liver sinusoidal endothelial cells
(LSEC) are transcellular nanopores of 50-350 nm diameter
that facilitate bidirectional transport of solutes and macro-
molecules between the bloodstream and the parenchyma of
the liver. Liver diseases, ageing, and various substances such
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as nicotine or ethanol can negatively influence LSECs fenes-
trations and lead to defenestration. Over the years, the
diameter of fenestrations remained the main challenge for
imaging of LSEC in vitro. Several microscopy, or rather
nanoscopy, approaches have been used to quantify fenes-
trations in LSEC to assess the effect of drugs and, and toxins in
different hiological models. All techniques have their limita-
tions, and measurements of the “true” size of fenestrations
are hampered because of this. In this study, we approach the
comparison of different types of microscopy in a correlative
manner. We combine scanning electron microscopy (SEM)
with optical nanoscopy methods such as structured illumi-
nation microscopy (SIM) or stimulated emission depletion
(STED) microscopy. In addition, we combined atomic force
microscopy (AFM) with SEM and STED, all to better under-
stand the previously reported differences between the reports
of fenestration dimensions. We conclude that sample dehy-
dration alters fenestration diameters. Finally, we propose the
combination of AFM with conventional microscopy that al-
lows for easy super-resolution observation of the cell dy-
namics with additional chemical information that can be
traced back for the whole experiment. Overall, by pairing the
various types of imaging techniques that provide topological
2D/3D/label-free/chemical information we get a deeper
insight into both limitations and strengths of each type mi-
croscopy when applied to fenestration analysis.

Keywords: atomic force microscopy (AFM); fenestration;
liver sinusoidal endothelial cell (LSEC); scanning electron
microscopy (SEM); stimulated emission depletion (STED)
microscopy; structured illumination microscopy (SIM).

1 Introduction

The unique morphology of liver sinusoidal endothelial
cells (LSEC) makes them an excellent platform for testing
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drug responses [1], tracking the dynamics of the cytoskel-
eton [2] or even testing the resolution of novel microscopy
techniques [3]. The LSEC fenestrations (also called fenes-
trae) are the main reason for an increasing interest in the
research on LSEC morphology. Fenestrations are trans-
cellular pores of 50-350 nm in diameter, typically clustered
in groups of a few to a few hundred to form “sieve plates”.
Fenestration size is primarily below the resolution of
standard optical microscopy, resulting in these pores not
being visible in the microscope images. In addition, the
thickness of the cell in the sieve plate regions is less than
200 nm, making them ideal test subjects to assess devel-
oping super-resolution techniques and data analysis al-
gorithms [3-5]. However, fenestrations are interesting
scientifically not only because of their structure but pri-
marily because of their function. They facilitate extremely
efficient passive bidirectional transport of solutes and
macromolecules between blood and hepatocytes [6, 7].
The changes in fenestration size and/or number influence
the efficiency of this bidirectional transport. The well-
fenestrated morphology of LSEC is a marker for proper liver
function. Decreased porosity, associated with ageing or
liver diseases [8], affects not only the functioning of the
liver but also general metabolism [9, 10]. Interestingly,
fenestrations rapidly respond to different chemical agents
[1, 11] opening a new field on re-opening fenestrations in
defenestrated LSEC [2, 12]. Recently, several therapeutic
approaches were reported to positively influence the
number of fenestrations in young and old animals [12]. The
detailed monitoring of fenestrated morphology under
different experimental conditions has become an essential
component of the research on LSEC. We have recently
published a summary of all drugs and agents reported so
far to affect fenestration size and/or number in [13].

To achieve proper quantification of the LSEC phenotype,
several microscopy techniques have been recently intro-
duced. The size of fenestrations is mainly below the diffrac-
tion limit of regular optical microscopy, so their imaging
requires the use of super-resolution or nonoptical techniques.
To date, scanning electron microscopy (SEM) [9, 14-16],
transmission electron microscopy (TEM) [17, 18], atomic force
microscopy (AFM) [9, 19-22], structured illumination micro-
scopy (SIM) [23, 24], direct stochastic optical reconstruction
microscopy (ASTORM) [1, 5, 23, 24], and stimulated emission
depletion fluorescence microscopy (STED) [25, 26], were all
successfully used to analyze fenestrations in fixed LSEC.
Recent advances in AFM [2, 11] and STED [26] have opened
new horizons for investigating fenestrations in live LSEC.
However, the reported phototoxicity and sample bleaching
connected with STED limits the imaging time; thus, AFM
currently remains the only technique allowing for prolonged
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(>1 h) investigation of changes in porosity of LSEC. The
abovementioned microscopy modalities require specific
sample preparation. For example, high-resolution SEM re-
quires sample dehydration and coating. Data coming from
optical nanoscopy are based on formaldehyde (FA)-fixed
samples, while AFM on glutaraldehyde (GA)-fixed samples.
The influence of sample preparation on fenestrations in LSEC
has not been discussed so far. Up to 2012, it was highlighted
that fenestrations in wet-(GA)fixed LSEC are larger than in
fixed-dried (dehydrated) LSEC [27]. However, the observed
net-values of mean fenestration diameter varied largely from
the values obtained using novel microscopy, indicating that
an update in the comparison is needed.

Correlative imaging can be crucial for avoiding false or
misleading conclusions. Several reports have indicated the
advantages of coupling various super-resolution fluores-
cence microscope modalities in one device to provide in-
formation about the sample hiochemical composition, with
a detailed 3D topography provided by AFM [28-33]. In
particular, AFM provided complementary information
about the kinetics of amyloid aggregation, while data
collected using only fluorescence microscopy (STED) fails to
visualize all the products derived from the in vitro aggre-
gation of misfolded proteins [32]. It highlights how labeling
is a limiting factor in quantitative fluorescence imaging and
how the results should ideally be supported with other
techniques. Complementary imaging of LSEC was reported
in the past, showing the differences in the porosity between
the microscopy techniques in fixed-dried (chemically fixed
and dehydrated) LSEC [15, 34, 35]. Recently developed
photonic chips for correlative light and electron microscopy
provide new possibilities for high-resolution imaging of
LSEC [36]. So far, comparative imaging of fenestrations has
been limited to fixed-dried samples [15, 37]. In particular, the
mean fenestration size reported using different techniques
varies more than 30% depending on the selected sample
preparation method (Suppl. Table in [2]). Such differences
may lead to incorrect conclusions about the filtration effi-
ciency of particulate material through fenestrations. For
example, large chylomicrons (>~350 nm) cannot pass the
barrier of fenestrations, but chylomicron remnants, LDL or
HDL particles can freely migrate through [38]. The reported
increase or decrease in the diameter of fenestrations for
newly discovered drugs determines their potential in treat-
ing liver diseases. It is important to find a way to understand
the origins of those discrepancies, allowing for better com-
parison between reports. The variations might originate
from differences between animals (species, age), different
sample preparation protocols, imaging techniques, and
analysis methods. Recently, we presented a report in which
we compared different ways of image analysis allowing for
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high throughput quantification of fenestrations size and
number [39]. The differences between the novel optical
microscopic methods for LSEC imaging have been discussed
by Qie et al. [24] but the direct comparison including elec-
tron microscopy and AFM has not been reported so far.
Despite the advantages, all techniques suffer from certain
limitations [40, 41]. Optical nanoscopy requires the use of
fluorescent labeling. The labeling density, distribution and
bleaching all limit the resolution. It should be emphasized
that fenestrations are “negative” structures in the context of
fluorescence imaging. It means that we are looking at a lack
of signal within the pores. Imaging a negative structure re-
quires high density labeling of nearby positive objects
(mainly by membrane dyes), and the efficiencies of the
binding to those targets influences imaging. AFM is a label-
free technique but requires tip-sample interaction, which
(when cantilevers with sharpened, i.e., higher resolution
tips are used) might alter the investigated structures (19, 42].
Both methods allow for measurements of wet-fixed LSEC or
even live LSEC, while SEM needs sample dehydration.

Recent reports have provided great improvement in
the imaging of fenestrations in LSEC. However, the direct
comparison between them is lacking. Here, we present
data from four comparative techniques, where the same cell
was imaged using two selected techniques — SIM/SEM,
STED/SEM, AFM/SEM, AFM/STED, and AFM/conventional
confocal fluorescence. This article aims to discuss the dif-
ferences between the fenestration diameters obtained by
each method. Therefore, we introduced a novel method of
correlative imaging in which the same individual fenestra-
tions were measured using both techniques in a one-to-one
manner. For accurate measurements we implemented
recently introduced methods of image analysis [39]. More-
over, for the first time, we analyze the differences between
wet-fixed and fixed-dried samples by comparing SIM/SEM,
STED/SEM, and AFM/SEM techniques. We then focus on
wet-fixed samples showing the first AFM and STED correl-
ative images of LSEC and discussing the effect of the selected
fixation method and permeabilization on LSEC morphology.
Finally, we show the possibilities of combining non-super-
resolution fluorescent microscopy with AFM for achieving
live imaging with additional chemical information.

2 Materials and methods
2.1 Cell isolation

LSEC were isolated as previously described [20]. Briefly, livers were
initially perfused to remove the blood and then digested using
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Liberase™ (Roche). After digestion, the cells were released from
Glisson’s capsule into a cold (4 °C) perfusion buffer containing 1%
BSA. The obtained suspension of cells was subjected to several cen-
trifugations (including 25-50% Percoll gradient separation for AFM/
STED experiments) to separate hepatocytes, remaining blood cells,
and nonparenchymal cells. Thereafter, LSEC and Kupffer cells were
separated by immuno-magnetic separation using endothelium spe-
cific CD146 MicroBeads (MACS, Miltenyi Biotec, Germany). After
isolation, cells were seeded on uncoated glass coverslips and incu-
bated in 5% CO, at 37 °C in EGM-2 cell culture medium (Lonza) for 12-
15 h for AFM/STED or on fibronectin-coated glass coverslips in
RPMI-1640 (Sigma-Aldrich) for 4-6 h for SIM/SEM, STED/SEM, and
AFM/SEM. Seeding conditions were optimized according to the spe-
cific microscopy requirements, using established methodology [39].

2.2 Sample handling

Large gaps, i.e., micron-sized holes in a membrane, were observed in
freshly isolated LSEC after seeding. By comparing live and fixed LSEC,
we noticed that no new gap formation occurred when LSEC were fixed
with FA or GA. By monitoring LSEC morphology live, instead of fixed,
when using AFM/conventional fluorescence microscopy, we showed
that wet-fixation of cultured LSEC does not damage sieve plates.
However, by investigating individual LSEC using AFM on each step
of sample preparation, we noticed that thorough rinsing (pipetting) of
samples with live or fixed cells could damage the delicate structure of
fenestrations within sieve plates. We used warm (37 °C) buffers and
fixative agents combined with slow aspiration and delicate rinsing to
reduce gap formation.

2.3 Fixation

Wet-fixed LSEC. FA-fixed LSEC or GA-fixed LSEC terms are used in order
to describe chemically fixed cells using aldehydes. In particular, after cell
culture medium was removed and 3.6% FA added to LSEC for 15 min
(FA-fixed LSEC) or 1% GA for 2 min (GA-fixed LSEC). Then the fixative was
removed and cells were kept in phosphate buffered saline (PBS).
Fixed-dried LSEC. For 2 h, the sample was post-fixed in McDowell’s
solution (4% FA, 1% GA, pH 7.3) [44]. Samples were incubated for 1 hin
freshly made 1% tannic acid in PHEM buffer, 1 h of 1% 0s0, in H,0,
dehydrated in ethanol gradient (30, 60, 90% for 5 min each, then 4
times for 5 min in 100% ethanol), followed by two sets of incubation in
hexamethyldisilane (HMDS) for 10 min. Finally, samples were left
overnight to evaporate.

2.4 Staining of actin and cell membrane

3.6% FA-fixed cells were stained for 30 min in PBS using: phalloidin-
Atto488 (Sigma Aldrich) 1:300, Invitrogen CellMask Deep Red
Plasma membrane Stain (Thermo Fisher Scientific) 1:500, Invitrogen
CellMask Green Plasma Membrane Stain (Thermo Fisher Scientific)
1:500; for 5 min using Hoechst 33258 (Invitrogen) 1 pg/ml. To avoid
any additional effects of the dye on living cell, LSECs were stained
after fixation. Cells were not permeabilized using detergent before
staining.
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2.5 Atomic force microscopy (AFM)

Live LSEC measurements were conducted in 25 mM HEPES buffered
EGM-2 medium at 37 °C. Fixed cells (3.6% FA for 15 min or 1% GA for
2 min) were measured in PBS with Ca*" and Mg®" at 25 °C. Imaging
was carried out in a BioCell™ (Bruker Nano GmbH, Berlin, Germany)
under ambient atmosphere using Nanowizard 3 AFM system (JPK
Instruments) and Nanowizard 4 (Bruker Nano GmbH, Berlin, Germany)
for comparative AFM/STED and AFM/SEM measurements. All images
were acquired using the force-distance curve-based imaging mode, a
so called “Quantitative Imaging” (QI) (Bruker Nano GmbH, Berlin,
Germany) according to [11]. Briefly, an independent, 300-800 nm
force—distance curve was collected in each image pixel. It was further
translated into the topography image, reconstructed for selected
loading force, up to the maximal loading force used in the experiment
[11]. We performed measurements using different types of commer-
cially available cantilevers: (a) with tips of a radius of 25 nm on can-
tilevers with a spring constant of 0.1 N/m (SCM-PIC-V2, Bruker Nano
GmbH, Berlin, Germany) (Figure 3, Supplementary Figures 4 and 5),
(b) with tips of a radius of 20 nm on cantilevers with a spring constant
of 0.7 N/m (ScanAsyst-Fluid, Bruker Nano GmbH, Berlin, Germany)
(Figure 6), (c) with tips of a radius of 2-12 nm on cantilevers with a
spring constant of 0.03 N/m (MSNL-10 D, Bruker Nano GmbH, Berlin,
Germany) for AFM/SEM experiments (Figure 4, Supplementary
Figure 3), and (d) with tips of a radius of 10 nm on cantilevers with a
spring constant of 0.1 N/m (qp-BioAC) (Figure 5). The load force varied
from 100 to 350 pN and was adjusted to obtain a clear image of fen-
estrations at 90% of the load force. The elasticity parameter (apparent
Young’s modulus) of LSEC (Figure 3A) was determined using gold-
coated V-shaped colloidal probes (polystyrene, diameter 7.9 pm) with
spring constants of 0.01 N/m (Novascan), as presented in [43].
8x8 pm2 areas over the cell nucleus were selected, and 8 x 8 matrices
(total 64) of force-distance curves were acquired (Load force of 0.5 nN,
load frequency 4 s). The value of the cell elasticity parameter was
determined by fitting the Hertz model to each force-indentation curve.
The obtained images of the topography, stiffness and elasticity were
prepared using JPK Data Processing Software for further analysis.

2.6 Structured illumination microscopy (SIM)

Samples were prepared as previously described [19]. Briefly, cells
were seeded on fibronectin-coated #1.5 glass-bottom MatTek dishes
(MatTek Corporation, MA) and fixed for 15 min with 4% FA in PHEM
buffer (60 mM PIPES, 25 mM HEPES, 10 mM EGTA, 4 mM MgS0,-7H,0,
pH 6.9). Samples were stored in PBS containing 0.1% FA at 4 °C. Before
imaging, cells were stained using 10 pg/ml of CellMask Green (Ther-
moFisher) in PBS for 30 min. Images were obtained at room temper-
ature using a commercial SIM microscope (OMX Blaze system, GE
Healthcare) with a 60 x 1.42 NA oil-immersion objective (Olympus),
using oil with a refractive index of 1.514 (Cargille) and a 488 nm laser.
3D-SIM image stacks of 1.5-2.0 pm were acquired with a z-distance of
125 nm and 15 raw images per plane (five phases, three angles). Raw
datasets were computationally reconstructed using SoftWoRx soft-
ware (GE Healthcare), and maximum intensity z-projections in tiff
format were prepared for further analysis.
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2.7 Stimulated emission depletion microscopy (STED)

Fixed samples were prepared as for SIM. STED imaging was performed
at room temperature using a STEDYCON (Abberior compact line)
mounted on an inverted optical microscope (Axio Observer, Zeiss)
equipped with a 100x oil immersion objective with oil with refractive
index 1.518. Images were acquired with the STEDYCON smart control
software using the 640 nm excitation laser together with the 775 nm
STED/depletion laser and 650-700 nm detection. The following pa-
rameters were set during STED measurements, dependent on the
sample: excitation power: 1-6%, depletion laser power on sample:
210 mW, pixel dwell time: 10-50 ps with double signal accumulation,
depletion pulse delay: O ns, depletion saturation power: 0.5-3.1%,
gate delay: 1 ns, gate width: 6 ns, pinhole: 64 pm. The pixel size was
30 nm for AFM/STED and 39 nm for STED/SEM images. Furthermore,
the STED setup was equipped with a Nanowizard 4 system for the
complementary AFM investigation.

2.8 Scanning electron microscopy (SEM)

After STED, SIM or AFM measurements, the sample was prepared for
SEM measurements according to the protocol described in Methods,
point 2.3. Before imaging, samples were mounted on metal stubs using
carbon tape and silver glue to reduce charging and sputter-coated with
10-nm gold/palladium. A commercial SEM system (Sigma HV0307,
Zeiss) was used to image samples using a 2kV electron beam. The image
size was adjusted to the area measured with SIM, STED or AFM, with a
9-10 nm pixel size. For correlation purposes, slight adjustments (rotate
and perspective tools) were performed with graphics software (Gimp,
version 2.10.24) to obtain perfect matching based on landmarks.

2.9 Conventional confocal microscopy

Measurements on fixed LSECs were done using a ZEISS LSM 710 laser
scanning confocal unit connected to an Axio Observer Z1 microscope
with a 100x, 1.3 NA oil immersion objective. Images were acquired
with ZEN 2012 SP1 Black Edition (version 8.1.0.484) software using the
488 and 633 nm excitation lasers. Comparative AFM/LSCM measure-
ments were performed on two independent systems. Marked glass
coverslips were used to localize the same position on a sample, which
allowed measurements of the same cell with both techniques. AFM
analysis was performed prior to confocal fluorescence microscopy
measurements, The images were analyzed using Zeiss ZEN (blue edi-
tion). The scale and position of the AFM and confocal fluorescence
microscopy images were adjusted manually using graphics software
(Gimp, version 2.10.24).

2.10 Data analysis and statistics

For STED/SEM, SIM/SEM comparison, images were processed in
Fiji/Image] software [44] and segmented using a semi-automated
threshold-based method described in detail elsewhere [39]. Briefly, in
each image the contrast was individually adjusted, then the image was
converted into a binary mask. In particular, for optical nanoscopy the
cut-off values were selected carefully, because of the uncertainty
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connected with the point spread function (PSF) to reflect a point be-
tween the maximum intensity and full width at half maximum. After
this every fenestration was measured. Parameters such as single
fenestration area, fenestration diameter and roundness (ratio of min to
max diameter assuming elliptical shape) were measured for each
fenestra. This method was shown to be easily implemented and highly
reproducible between the users in the assessments of fenestration di-
ameters [39]. For STED/AFM and AFM/SEM an automated machine-
learning method was selected, as described in the same report [39]. The
advantage of this method is a precise identification of fenestrations at
low-resolution (low number of pixels, big pixel size) and high-
magnification images [39], here represented by AFM. After the binary
mask was prepared, the fenestration measurements were performed
using for semi-automated method. OriginPro software (OriginPro 2021,
OriginLab Corp., Northampton, MA) was used for data analysis and
graphical presentation.

It is important to note that the net values of fenestration size
distributions differ between the methods. For example, the mean
fenestrations size of SEM differs in SIM/SEM, STED/SEM, or AFM/SEM
analyses. This is expected as the selection of analyzed sieve plates
was performed in order to perform correlative imaging. To present the
mean value of fenestrations in a biological group, several cells for each
bio replicate are analyzed by measuring and counting all fenestrations
from each cell. Here, we selected individual sieve plates, measured in
the optimal conditions of each method. For example, in STED, it is
difficult to obtain a high signal to noise ratio in the images of the whole
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Figure 1: Correlative SIM and SEM imaging.
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cells and the thermal drift shifts the focus when imaging bigger areas.
Therefore, individual sieve plates were measured and compared with
SEM. Similarly to AFM measurements, the large view image was
collected in the point to point resolution of ~80 nm to minimize
thermal drift. However, 25-40 min per frame is needed. Individual
sieve plates were then imaged in high resolution at 15-25 nm per pixel
(with up to 15 min per image). Here, the main limiting factor was low
throughput, but all techniques allow for comparing the same fenes-
trations in a one-to-one manner, and the differences between the
selected microscopy techniques can be discussed.

3 Results

3.1 Wet-fixed versus fixed dried I.
Comparative SIM/SEM imaging

SIM is a highly versatile optical microscopy method with
double the resolution of diffraction limited microscopy.
However, it is prone to image artefacts. To investigate this
issue, we performed SEM on the same samples that were
first examined by SIM. 488 nm excitation was selected to
enable the highest optical resolution. In particular, LSEC

slope 1.79
r=0.89

02 03 04 05

0 200 400 600 00 01

SIM SIM

Firstly, SIM imaging was performed on wet-fixed LSEC labeled with CellMask Green; (A) A representative LSEC is presented (Magenta Hot Lookup
was used to enhance the contrast of fenestrations in the image). (B) The sample was dehydrated, and the corresponding area was located (using
landmarks) and imaged using SEM. (C) Both SIM and SEM images were then correlated. (D-F) High-magnification correlative imaging allows for
precise identification of fenestrations within sieve plates using both techniques. Some fenestrations appear merged in SIM but not in SEM (white
arrowheads). Fenestrations smaller than 100 nm can be distinguished in SIM (white arrows). 4942 fenestrations were detected and measured ina
one-to-one manner using a semi-automated method. (G) Histogram of fenestration diameter distribution. The lines represent fitted Gaussian
curves from which the mean values were calculated at the peak of the distribution (158 + 40 nm and 212 + 55 nm for SIM and SEM, respectively
(n = 4942 fenestrations)). (H) Distribution of fenestration roundness measured by SIM (0.83 + 0.09) and SEM (0.82 + 0.09) (roundness = ratio of
min to max diameter, assuming elliptical shape). A comparison of individual fenestration diameter / and area / indicate linear and even dilation of
fenestrations in fixed-dried LSEC (linear regression slope of / = 1.23 (r = 0.83) and / = 1.79 (r = 0.89)). r — Pearson’s coefficient.
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were labeled with CellMask Green, allowing for detailed
imaging of the cell membrane. A representative image of a
single LSEC imaged using both SIM and SEM is presented in
Figure 1.

The resolution of SIM images allowed for detailed
identification of fenestrations in LSEC (Figure 1A). We
selected 10-15 representative cells per sample and per-
formed SIM imaging. Using such landmarks as cell shape
and arrangement, the same cells were subsequently local-
ized using SEM (Figure 1B). The correlation was performed
using scales (calibration using representative scale bars)
representative for both microscopes (Figure 1C and F). Us-
ing SEM, we identified several individual and small fenes-
trations located close to one another that appear as one
fenestration in SIM (Figure 1D and E). Moreover, some
fenestrations near the cell edge are distorted or merged in
SEM but not in SIM. However, most of the fenestrations
within the sieve plates were identified using both tech-
niques, and the number of artefacts was not significant. The
most prominent differences between the two techniques
relate to the perinuclear regions of LSEC. In those areas
some whole sieve plates were not visible or were dimly
visible in SIM. The thick areas of the surrounding cell
membrane hampered the proper identification of fenestra-
tions in those sieve plates (Supplementary Figure 1).
Therefore, the number of fenestrations per cell calculated
with SEM will be larger than with SIM. The next prominent
difference is connected with the diameter of the fenestra-
tions. Fenestrations appear significantly larger in fixed-
dried samples measured with SEM than in the wet-fixed
samples measured with SIM (Figure 1D-F). To quantify this
observation, we performed detailed measurements of cor-
responding fenestrations visualized with both techniques
(Figure 1G-J). The analysis of almost 5000 individual fen-
estrations revealed that the mean fenestration size was
158 + 40 nm using SIM compared to 212 + 55 nm obtained
from SEM. This corresponds to a 34% increase in diameter
between SIM and SEM. There were no observed changes in
fenestrations shape, which is reflected in the similar dis-
tribution of the roundness parameter — mean value for SEM:
0.82 + 0.09, SIM = 0.83 + 0.09 (Figure 1H). The linear rela-
tionship between the values of single fenestration area and
diameter indicates that the fenestration diameter was
evenly dilated for the analyzed group of pores, indepen-
dently of their size (Figure 1I and ]). The resolution of SIM is
far lower than SEM, which, together with the possible arti-
facts from the SIM image reconstruction may affect the
measurement of fenestration size. In fact, image recon-
struction and processing allowed us for the identification of
fenestrations down to 80 nm in diameter (Figure 1G), much
smaller than the theoretical resolution of SIM (~110 nm).
Still, those small fenestrations identified in SIM correspond
to the fenestrations in SEM (Figure 1 white arrows). In order
to achieve even higher spatial resolution, we performed
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similar experiments using STED - another optical nano-
scopy technique which can achieve higher resolution than
SIM.

3.2 Wet-fixed versus fixed dried Il.
Comparative STED/SEM imaging

We used CellMask Deep Red membrane stain to visualize
the cell membrane surrounding fenestrations, as sug-
gested in another report [26]. The advantages of STED
microscopy cover the lack of reconstruction artifacts and
the possibility of selecting small areas with a few sieve
plates. It allows for decreased illumination time of LSEC
and thus reduces bleaching of the surrounding area. The
STED beam allows for precise illumination compared to
the larger areas illuminated with the grid pattern in SIM;
although the energy of the illumination is usually higher.
Despite the growing number of new STED dyes, the se-
lection is still somewhat limited. CellMask Deep Red pro-
vides both good dye density and resistance to bleaching
allowing for detailed investigation of fenestrations. A
representative STED image of LSEC shows the ultrastruc-
ture of fenestrations (Figure 2A).

Similarly to previous experiments, we used landmarks
to localize the previously measured area on fixed-dried
samples using SEM. The correlative image allowed identi-
fication of corresponding fenestrations using both imaging
techniques (Figure 2C and F). Similarly to SIM/SEM, some
artefacts were observed. We identified rupture and merging
of some fenestrations (Supplementary Figure 2). Moreover,
fenestrations in the perinuclear region or in the higher re-
gions of cells (that are out of the plane of focus) can be
omitted in STED analysis (Figure 2A-F). The detailed
analysis of 1909 fenestrations detected by both techniques
allowed for the direct comparison (Figure 2G-]). The mean
fenestration diameter calculated for STED (124 + 44 nm) and
SEM (165 + 64 nm) corresponds to an overall 33% increase in
diameter and is similar to the SIM/SEM experiment. It is
important to note that the net values obtained using SIM/
SEM and STED/SEM differ. This is expected, as the fully
random selection of the cells and the analysis of all cells’
fenestrations was not applied for the analysis, however, all
obtained images were used for analysis and no measure-
ments were discarded afterwards; (see Methods).

The linear regression slope of 1.03 and r of 0.81 re-
flects the increase in fenestration diameters observed in
SEM. Two groups of fenestrations were recognized: the
majority of fenestrations were uniformly enlarged due to
drying, but also some individual fenestrations enlarged
to more than twice their STED-measured size and had an
elongated shape. The shift in fenestrations shape in SEM
can be observed in both mean roundness values — STED:
0.79 + 0.11, SEM: 0.75 + 0.13 and difference in the
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Figure 2: Correlative STED and SEM microscopy.

Firstly, STED measurements were performed for wet-fixed LSEC labeled with CellMask Deep Red; (A) A representative STED image of LSEC is
presented. To achieve the highest possible contrast for fenestrated regions, areas corresponding to the cell nuclei were saturated (white) due
to the high signalintensity. (B) The sample was dehydrated, the corresponding area was localized and measured with SEM. (C) Both STED and
SEM images were then correlated. (D-F) High-magnification images allow for precise identification of all of the fenestrations within sieve
plates. Fenestrations in the center of the sieve plate were less dilated than those on the edges (arrowheads). 1909 fenestrations were
identified in the collected images and analyzed in a one-to-one manner. (G) Histogram of fenestration diameter distribution. The black lines
represent fitted Gaussian curves from which the mean diameter was calculated at the peak of the distribution (STED 124 nm + 44 nm, SEM
165 nm + 64 nm). (H) Distribution of fenestration roundness measured by STED and SEM. A comparison of individual fenestration diameter /

and area / indicate uniform dilation of fenestrations in SEM.

roundness distribution below 0.7. These deformed fen-
estrations are located at the edges of sieve plates and in
the areas where the cell is either significantly thicker
(nuclei region) or thinner (edge of the cell) than the
average region with sieve plates (Figure 2F, arrowheads).

3.3 Wet-fixed versus fixed dried llI.
Comparative AFM/SEM imaging

3.3.1 From living to fixed LSEC — AFM study on sample
preparation

In optical microscopy, the optimal fixation methods are
limited by the autofluorescence of the agents and in-
teractions with the fluorophores. Therefore, in most cases
formaldehyde is the preferable fixative agent over for
example, glutaraldehyde. Moreover, most antibody-based
staining methods require a permeabilization step which

can destabilize the cell membrane and affect fenestration
measurement. To study those effects and investigate how
different steps in sample preparations affect fenestrations
we used the advantages of AFM. This label-free technique
can be used in a wide range of environmental conditions
and AFM images of LSEC have been reported for living,
wet-fixed, and even fixed-dried cells. Therefore, before
performing correlative imaging with AFM, we tested stan-
dard procedures in preparation of LSEC for microscopy,
namely wet fixation using FA or GA and Triton X-100 per-
meabilization. The differences in fixation methods and
their influence on the quality of super-resolution fluores-
cence imaging were discussed in detail by Whelan and Bell
[45]. The authors presented optimized protocols for form-
aldehyde, glutaraldehyde, and methanol fixation, showing
that the latter gives unsatisfactory results for actin staining.
Because fenestrations are reported to consist of actin [23],
we did not fix LSEC using alcohols. According to the
Whelan and Bell protocols and our previous observations
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Figure 3: The difference in mechanical properties of LSEC and fenestrations in living, FA-fixed, and GA-fixed LSEC.

(A) The apparent Young’s modulus of cells (n = 15 for each group, 64 curves per cell) was obtained for a colloidal cantilever for a load force of
200 pN. (B) Images of selected sieve plates measured using QI AFM reconstructed for a load force of 70 pN, 140 pN, and 280 pN. (C) The tip-
induced enlargement of fenestrations presented as a cross-section of selected fenestrations collected for the same area of the images
reconstructed for different load forces. Grey arrows indicate the tip-induced squeezing of the membrane surrounding fenestrations in the

z-axis. Black and blue arrows indicate the boundaries of fenestration

[20], we selected 1% GA (2 min) and 3.6% FA (15 min) to
investigate changes in the morphology of LSEC (Figure 3).

Firstly, we performed force mapping of live LSEC using
a colloidal probe. Then, we analyzed the data for low
loading force (200 pN), which corresponded to 50-200 nm
indentation to uncouple the information about the elas-
ticity of the deeper layer of the sample (e.g., cell nucleus,
glass substrate) and to investigate only the cortical layer of
the cell. We observed stiffening of the cortical layer for both
fixatives compared to living cells (Figure 3A). The mean
apparent Young’s modulus of GA-fixed cells increased 7.2
fold, while a mean 5.2 fold increase was observed for
FA-fixed LSEC. GA resulted in a narrower distribution of
elasticity than FA. In the next step, using cantilevers with
sharp tips, following the methodology described in [19], we
investigated fenestration diameters of FA- and GA fixed
samples. QI AFM enables image reconstruction for any

obtained for 70 and 280 pN, respectively.

load force: from near the contact point (“zero force”) up
to the maximum load force used in an experiment. In
particular, to analyze the load force dependence for both
fixative agents, we compared 70, 140 and 280 pN load
forces applied in each pixel-point of the image (Figure 3B
and C). The first point corresponds to near the contact
point, where fenestrations can be distinguished. The
following two points double the force, where the last point
of 280 pN corresponds to 90% of the maximal indentation
force used in the experiment and allows for stable imaging.
FA-fixed LSEC requires slow-scanning using a minimal
load force to avoid fenestration dilation. A >25% increase in
the mean fenestration diameter in FA-fixed LSEC was
observed with increasing load force. This effect corre-
sponds with the deformation observed in the fenestration
profile for both live and FA-fixed cells (Figure 3C). In
contrast, GA-fixed LSEC presented much weaker load force
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dependence resulting in less than 10% change of fenes-
tration diameter when comparing load forces in the contact
and maximal indentation points.

3.3.2 Combining AFM with SEM

In the final comparison between the wet-fixed and dehy-
drated samples, we performed AFM/SEM experiments.
Neither requires sample labeling and both provide
high resolution. Here we used GA fixation, as it shows
stronger and more uniform fixative properties than FA and
it is widely used in sample preparation protocols for
SEM. We applied measurements using sharpened cantile-
vers (2-12 nm). It was reported that these provide high-
resolution imaging with a steep cut-off on fenestrations
boundaries, allowing for precise measurements [19]. We
performed AFM/SEM experiments to verify whether the
differences in fenestration size in SIM/SEM and STED/SEM
experiments are due to the PSF (effectively reducing the
measured fenestration diameter in SIM and STED) or
dehydration and cell body shrinkage (effectively dilating
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fenestrations in SEM). The analysis of the AFM/SEM cor-
relation is presented in Figure 4. Cytochalasin B treated
LSEC were investigated to increase the number of fenes-
trations and imaging efficiency. Cytochalasins were re-
ported to increase the number of fenestrations up to three
times without any major influence on fenestration di-
ameters [13, 25]. They disrupt the actin cytoskeleton, which
lowers overall cell stiffness by removing stress fibers, but
does not affect the AFM imaging in used QI (force-depen-
dent) mode of GA-fixed LSEC (Supplementary Figure 5).
The correlation between the methods allowed for
precise identification of fenestrations using both tech-
niques. High magnification images of individual sieve
plates allowed for one-to-one comparison of fenestrations
dimensions. Analysis of 1081 fenestrations confirmed
previously the observed enlargement of fenestrations in
SEM. The mean fenestration size obtained using AFM was
131 + 31 nm compared to 181 + 48 nm for SEM (Figure 4G).
This corresponds to a 38% increase in diameter after
dehydration. As mentioned above, the net differences in
mean size values correspond with the analysis of selected
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Figure 4: Correlative AFM and SEM microscopy of LSEC treated with cytochalasin B.

Firstly, AFM measurements were performed for GA wet-fixed LSEC; (A) A representative AFM image of LSEC is presented. (B) The sample was
dehydrated, the corresponding area was localized and measured with SEM. (C) Both AFM and SEM images were then correlated. (D-F) High-
magnification image allows for precise identification of all of the fenestrations within a sieve plate. Fenestrations in the center of the sieve
plate were less dilated than those on the edges (arrowheads). Some closed fenestrations identified in AFM became open (black arrow) or are
not distinguishable (white arrow) in SEM. 1081 fenestrations were identified in both methods and analyzed in a one-to-one manner. (G)
Histogram of fenestration diameter distribution. The black lines represent fitted Gaussian curves from which the mean diameters were
calculated at the peak of the distribution (AFM 131 nm + 31 nm, SEM 181 nm + 48 nm). (H) Distribution of fenestration roundness measured by
AFM and SEM. A comparison of individual fenestration diameter / and area J indicate uniform dilation of fenestrations in SEM.
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sieve plates (see Methods). Similarly to SIM/SEM and
STED/SEM, we observed enlargement of the fenestrations
at the edges of sieve plates after dehydration (Figure 4F,
arrowheads). In addition, we observed that in some sieve
plates located in the perinuclear zone - where the cell
height is above 400 nm — the shape of fenestrations within
is distorted (Supplementary Figure 3). Moreover in those
areas, two layers of fenestra-like structures were ohserved
forming structures resembling reported “fenestration lab-
yrinths” [46]. Both techniques resolved even the smallest
fenestrations and their number was preserved. The only
detected difference can be connected with the open and
closed (or fused) state of fenestrations, described recently
in[1]. Inan AFM image (Figure 4D), some fenestrations can
be observed as just invaginations in the cell membrane
(arrows), and not as transcellular pores. After dehydration
for SEM imaging (Figure 4E), those close fenestrations
either became open (black arrow) or remained closed but
indistinguishable in the SEM image (white arrows). The
newly opened fenestrations in SEM could be identified by
the sharp edges and less circular shape. We observed a
shift in the roundness distribution towards more circular in
AFM (0.92 + 0.09) compared to SEM (SEM: 0.85 + 0.09)
(Figure 4H). The linear relationship between the values of
single fenestration area and diameter remains independent
of their size (Figure 41 and J). This observation is similar in
all tested methods.

3.4 Wet-fixed versus wet-fixed. Comparative
AFM/STED imaging

AFM and STED comparative measurements of LSEC were
performed on a single device. We investigated FA-fixed
LSEC, as a standard fixation approach for STED measure-
ments. We selected CellMask Deep Red staining to label the
LSEC plasma membrane, which Di Martino et al. [26] pre-
viously suggested as suitable for fenestrations and Brunetti
et al. established that it worked well with STED [47]. Per-
meabilization of the cell membrane prior to staining is not
required for the selected dye. As for AFM/SEM experiment,
we investigated cytochalasin B treated LSEC. Comparisons
of AFM and STED of the same area shows a good correla-
tion between obtained images (Figure 5).

Both techniques enabled precise measurements of the
number and size of fenestrations. The cross-section in the
same location showed a good correlation between both
techniques. AFM provides much steeper boundaries be-
tween fenestrations, which allow easier analysis with
lower error [39]. The fenestrations boundaries are less
sharp for STED images due to the blurring related to the
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PSF. It results in low accuracy in identifying the smallest
fenestrations (Figure 5, white circle). Nevertheless, we
obtained similar fenestration diameter distributions using
both techniques (Figure 5D). Analysis of 709 fenestrations
resulted in a mean fenestration diameter of 173 + 58 nm for
STED and 188 + 54 nm for AFM, which corresponds to a
<10% increase due to deformation caused by AFM tip. The
shape of fenestrations remains the same for both tech-
niques which is indicated by the similar mean roundness
values of 0.75 + 0.11 and 0.76 + 0.11 for STED and AFM,
respectively. The slope in the single fenestration area
comparison indicate that fenestration enlargement is the
most prominent for large holes (Figure 5G).

3.5 AFM-based measurements combined
with conventional fluorescence
microscopy — a proposed approach for
LSECs fenestrations imaging

Here, we present an experiment in which LSEC dynamics
was tracked using AFM. The sample was finally fixed for
additional non-super-resolution imaging, namely confocal
fluorescence microscopy (Figure 6) at the end of the
experiment. Such an approach combines super-resolution
information about the dynamics of live LSEC with identi-
fying biological structures arising from fluorescence mi-
croscopy. Even without super-resolution fluorescence
imaging, such an approach can be beneficial for experi-
ments on LSEC. Other optical techniques, such as decon-
volution microscopy or spinning disk microscopy can be
also used. In particular, we used landmarks such as cell
shape and arrangement to identify the areas of interest
when transferring samples between AFM and confocal
microscope. At first, we performed an experiment in which
live LSEC were measured using semi-stiff cantilevers. Such
cantilevers allow for fast imaging with a load force of 1-
2nN, enabling visualization of the thick actin cytoskeleton
beneath the cell membrane (Figure 6A). Afterwards, the
sample was chemically fixed directly on an optical micro-
scope. The high-resolution imaging was repeated in the
same area (Figure 6B). Finally, the AFM measurements
were followed by staining cells for actin and performing
correlative fluorescence imaging of the same regions
(Figure 6C and F).

We selected an area of the interconnection of three live
cells, where fenestrated morphology was observed. The
presented AFM image allowed visualization of sieve plates
and fenestrations (Figure 6, white dotted-line circle). Thick
stress fibers lining the cell can be easily distinguished as
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Figure 5: Correlative AFM and STED microscopy.

Comparative AFM and STED of FA-fixed LSEC treated with cytochalasin B using a device prototype that allows direct measurements using both
techniques in one setup. Firstly, AFM measurements were performed for FA-fixed LSEC (load force 70 pN) labeled with CellMask Deep Red. (A)
High-resolution image of a sieve plate in the LSEC periphery measured using AFM. (B) The corresponding area measured using STED.
Fenestrations as small as 50 nm can be distinguished with AFM but not with STED (white dashed circle). (C) presents the correlative image of
the same area measured using STED and AFM. The inset represents a cross-section of selected fenestrations (white line in (C)). 709
fenestrations were identified in the collected images and analyzed in a one-to-one manner. (D) Histogram of fenestration diameter
distribution. The black lines represent fitted Gaussian curves from which the mean diameters were calculated at the peak of the distribution
(STED 173 nm + 58 nm, AFM 188 nm + 54 nm). (E) Distribution of fenestration roundness measured by STED and SEM. A comparison of
individual fenestration diameter F and area G indicate uniform and precise measurements of fenestrations using both techniques.

bright lines (Figure 6, arrowheads). After fixation, cells
became stiffer and the AFM image corresponds more to the
superficial topography of LSEC; fenestrations could still be
noticed in the sieve plates, but most of the stress fibers were
less prominent and partly covered with overlaying struc-
tures. The slight misalignment in AFM images for live and
fixed cells is caused by the line-by-line acquisition of AFM

in 20 min per frame. During this time, the cell cytoskeleton
was continuously rearranging, resulting in, e.g., different
sizes of individual sieve plates or changed positions of the
gaps between images (Figure 6, white arrows), similar to
previous reports [2, 11]. To reduce this effect, we measured
and finally fixed LSEC after ~20 h post-seeding, where the
rearrangement of the cellular cytoskeleton was shown to
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Figure 6: Correlative AFM and conventional fluorescence microscopy of LSEC.

(A) The topography of live cells was measured using AFM. (B) The same area measured after fixation with 1% GA. (C) LSEC were then labeled
with phalloidin-Atto488 (green) for actin and Hoechst 33258 (blue) for cell nuclei, and the same area was localized using landmarks. (F) The
area of interest corresponding to AFM measurements was selected. (D and E) present merged AFM and fluorescence microscopy images made,
respectively, for live and fixed LSEC. Comparative data allow identifying actin stress fibers in live cells (white arrowheads), which visualization
is hindered in fixed cells. Fenestrations can be identified as dark spots in AFM images of both live (A) and fixed (B) LSEC (dotted-line circle) but
not in fluorescence microscopy images (F). Different sizes and position of gaps in live and fixed cells corresponds to cell migration prior to

fixation (white arrows).

be relatively slow [11]. Finally, we stained cells using
phalloidin-Atto488 for actin, and we observed a significant
correlation of fluorescence and AFM images. Thick actin
fibers remained in the exact positions as observed using
AFM for live LSEC.

4 Discussion

In this report, we presented a first direct comparison of
several super-resolution microscopy measurements of
fenestrations in LSEC. Labeling the cell membrane is a
well-established approach, allowing the comparison of the
labeled cell and the lack of signal within the open, trans-
cellular pore. Fenestrations can change their size in live
LSEC in vitro by up to 200% [2], but the overall distribution
of diameters is preserved after fixation. Still, different

values of mean fenestrations sizes have been reported in
various reports, with a pattern suggesting a dependence on
the selected microscopy technique (SI_Table 1 in [2]). The
accurate determination of fenestration size is crucial for
understanding the filtration function, as only particles
smaller than fenestrations can passively pass from the
bloodstream into the space of Disse within the liver [38].
Here, we provided a detailed comparative analysis of
fenestration diameters obtained using a combination of
different types of microscopy. We want to emphasize that
the presented mean fenestration size values are not abso-
lute and do not describe mean fenestration size in the
whole population of murine LSEC. The variations were
observed because not all fenestrations from each cell were
compared. The comparison occurs rather between indi-
vidual sieve plates that were chosen in the context of
efficient co-localization between techniques. Proper
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investigations using individual techniques can be found
elsewhere (AFM [19], SIM [48], STED [25], SEM [49], and
TEM [50]). AFM and TEM independently showed similar
data on fenestration size distribution. TEM however is not
widely used in the evaluation of drug treatment and
therefore is not included in this manuscript. TEM could be a
perfect tool for the comparison of in vitro versus in vivo data
on fenestrations, including their 3D structure [45]. The
differences in the observation of fenestrations between cell
culture and tissue are large (SI_Table 1 in [2]), probably
because of complex sample preparation [16]. The use of
novel TEM methods, including freeze-fraction sample
preparation and FIB-SEM could be a part of a future study.
We limited our EM studies in this paper to the SEM mo-
dality, where we selected individual well-fenestrated cells
and compared fenestrations in a one-to-one manner. It
allowed us to assess the origins of the discrepancies be-
tween the reports obtained using different microscopy
modalities. Firstly, we showed that there are differences
between fenestration diameter obtained for wet-fixed and
fixed-dried LSEC. Our data are in contrast to that presented
in [37] where an almost 30% reduction of fenestration
diameter was reported for wet-fixed to fixed-dried fenes-
trations. However, that data was affected by the nascent
and still developing AFM technique. The use of contact
mode requires a relatively large load force; paired with
limited microscope stability, it resulted in image artefacts
as streaks and shadowing. The obtained mean fenestration
diameter was 269 + 44 nm using AFM, well above the
values recently shown using gentler imaging modes of
modern AFM microscopes [19, 42]. The influence of dehy-
dration on fenestration diameters was also discussed in
liver tissue [16]. The authors reported up to a 30% decrease
in the size of small structures in tissue blocks measured
with SEM and advised against the analysis of size using this
technique. In tissue samples, dehydration causes collapse
and shrinking of the tissue blocks, which results in the
observed decrease of fenestration diameter. Our data
comes from isolated LSEC measured in vifro, and the
observed change in fenestration size is in the opposite di-
rection. Cell surface integrins keep cells well-spread on the
surface of the glass coverslip. When dehydrated, cells
remained in the same shape and size, confirmed by our
correlative imaging (Figures 1, 2 and 4). Individual fenes-
trations are kept in place by the actin cytoskeleton, which
constitutes the stiff scaffold of fenestrations. The precise
composition of the protein system that binds actin and the
cell membrane is currently unknown in LSEC, but previous
reports showed the involvement of spectrin [1] and myosin
[51]. Together with the membrane composition [52], this
structure regulates the fine-tuning of the fenestration size.
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As a result of cell body dehydration, the dilation was
observed, suggesting that the connection between the cell
membrane and the cytoskeleton scaffold may be affected
by the created extra tension. The level of changes depends
on the thickness of the surrounding cell. Thick areas
consist of more water and after drying were affected much
more than thin and flat areas within sieve plates (Figures 2F
and 4F). Also, dehydration may create more tension close
to the cell edges which sometimes results in stretched sieve
plates with elongated fenestrations. Thereby, an overall
30-40% increase was observed compared to wet-fixed
samples and those differences were documented inde-
pendently using SIM, STED, and AFM. Altogether, small
changes in fenestration diameters between the biological
groups should be interpreted carefully, as the microscopy
techniques combined with analysis methods (pixel size)
are burdened with 10-20 nm error [39]. The correlation
between fenestration diameter distributions between STED
and AFM was within the margin of error. Furthermore, all
wet techniques (SIM, STED, AFM) showed similar differ-
ences after preparation for SEM imaging. Therefore, in or-
der to compare results between the methods we advise
using a coefficient of 0.75 x mean fenestrations size in SEM
to calculate the expected mean fenestrations size for wet
techniques, assuming a similar preparation protocol. Note
that the elongation of fenestrations at the edges of sieve
plates causes the standard deviation to be always wider in
SEM.

Similarly, the differences in the porosity between the
methods can be expected. Optical techniques would usu-
ally show lower values of fenestration frequency (the
number of fenestrations per area) or porosity (the ratio of
the total area covered with fenestrations to the area of cell/
image), as those techniques have difficulties resolving
fenestrations in the thick, perinuclear area. In contrast,
both AFM and SEM showed to be much more efficient in
visualizing fenestrations in these areas, including visuali-
zation of previously reported “fenestration labyrinths”
[46]. Observation of the fenestration labyrinths in AFM
indicates that these structures are not artificially induced
after sample dehydration. Their biological role is not
described yet, however, they have not been reported in
LSECs in vivo so far.

For all described techniques, problems in the detection
and measurement of fenestrations can be related to the
difficulties in the detecting of fenestration edges. In label-
free techniques, such as AFM and SEM, the exact edge of
the fenestration can be easily defined. On the other hand,
in label-dependent techniques, such as STED and SIM,
blurring related to the point spread function is observed
(Figure 5C, inset). Moreover, the size of fenestrations is
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close to the achievable resolution of those techniques,
which together with the PSF effects, may contribute to the
lack of detection of some smaller pores. Small fenestrations
(below 100 nm) may also be omitted due to the sampling
problem - pixel size in the optical methods is usually
scaled to the resolution and may result in undersampling.

Interestingly, we measured fenestrations with a size
smaller than the theoretical resolution limit of our SIM
system, but these results agree both with earlier SIM data
shown by Cogger et al. [53], and, more importantly, with
the underlying ‘ground-truth’, higher resolution correla-
tive SEM images. The theoretical resolution of SIM in our
setup (excitation/emission 488/525 nm, 1.42NA objective)
calculated using the Rayleigh criterion is about 110 nm;
however, less strict criteria such as the Abbe limit or
Sparrow limit show our theoretical resolution closer to
80 nm, which aligns closer to our actual measurements.
Demmerle et al. highlighted the difficulties in assessing the
resolution in super-resolution imaging and in comparing
between them [54]. In our case, there are several possible
explanations for why we observed smaller than expected
fenestrations, however, we are not certain of the definite
cause here. Reconstruction of raw SIM data into super-
resolution images requires a significant amount of post-
acquisition image processing, and the final image is pre-
sented as a z projection, which in combination with not
truly isotropic SIM data could make fenestrations appear
smaller. The threshold used for image segmentation may
also influence the measured diameters, as the exact loca-
tion of the edge of a fenestration can be interpreted in
multiple ways. Finally, it is possible that fenestrations
may benefit from appearing as negative objects, with
strong signal coming from the positively-stained objects
(i.e., membrane) around them, as opposed to trying to
image and measure weakly-fluorescent, isolated positive
ohjects; having a hetter signal-to-noise ratio generally re-
sults in better reconstruction and resolution.

Our correlations were independent of cytochalasin B
treatment. Other reports, applying STED and SEM indi-
vidually, showed no changes in fenestration diameters of
LSEC treated with cytochalasin B [26, 49]. It indicates that
the level of actin polymerization does not additionally alter
fenestration diameters during dehydration. Altogether, it
allows us to conclude that the dehydration of samples in
fixed-dried LSEC is significant, but constant, allowing for
comparison between samples prepared, measured, and
analyzed in the same way. We emphasize the need to
analyze a large number of fenestrations (to avoid bias due
to the large cell-to-cell differences). Recently developed
automatic image analyses allow for the measurement of
thousands of fenestrations a relatively quickly [39] or
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precise measurements of fenestrations in low-resolution
images [55].

A comparison of STED and AFM provided further de-
tails. AFM resulted in less than 10% increase in mean
fenestration size in comparison to STED. The effect might
be ascribed to better AFM resolution — the PSF function
causes blurring of the fenestration edges resulting in lower
measured fenestration diameter. However, AFM imaging
appeared to be prone to changes in mechanical properties.
Data obtained using force tomography (a presentation of
the image of the same area of LSEC reconstructed for
increasing load force) showed load force dependence of
fenestration size in living and FA/GA-fixed LSEC. The
combined analysis of the elasticity and fenestration di-
ameters for different loading forces indicate that increased
cell rigidity aggravates tip-induced dilation of fenestra-
tions. Cytochalasins reduce the Young’s modulus of LSEC
[43] and the effect can be translated into the fixed cells too
[56]. Cytochalasin B is known to promote actin depoly-
merization but without affecting actin cross-linking pro-
teins [57]. These findings suggest that the change in LSEC
elasticity after cytochalasin B treatment is mainly due to
the reduction of actin stress fibers rather than disruption of
actin mesh. Fenestra-associated cytoskeleton rings (FACR)
within actin mesh are preserved after cytochalasin B
treatment and the changes of fenestration size within FACR
depend on the (not fully known up to date) structure
building membrane and actin [1]. These data is in agree-
ment with most LSEC studies with cytochalasin B reporting
no changes in the fenestration diameter [13]. Therefore, we
assume no influence of cytochalasin B on fenestration
diameter, but the decreased elastic modulus and lack of
stress fibers should be taken into consideration and im-
aging with cantilevers of low spring constant and use of
load force close to the contact point should be applied to
minimize the tip-induced deformation.

In general, all presented methods have their advantages
and limitations, summarized in Table 1. We recommend the
selection of microscopy techniques depending on the plan-
ned experiment. SIM and SEM provide higher throughput
measurements of single cells or even groups of LSEC. SEM
provides unprecedented resolution in the whole range of
image size from individual sieve plates up to several LSEC.
However, it requires sample drying and a relatively long
sample preparation procedure. Therefore, SIM can be a first-
choice method to quickly assess the effect of various drugs or
toxins of LSEC. The limited resolution and lack of the ability
to resolve fenestration in the perinuclear areas should not
prevent the observation of relatively large changes in the
porosity when cells are flat and cultured at low confluence.
Its limitation is the resolution and (together with STED) the
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Table 1: Summary of presented microscopies.

Wet Fixed Fenestration size Labeling Live LSEC  Applicability Throughput Measured Accuracy
fixed dried enlargement tracking feature size*
SEM No Yes >30% None No Whole cellsand High <10 nm Number of fenestrations
individual sieve 0.5-3 min/cell
plates
SIM  Yes' - None Many Not re- Whole cellsand High ~80 nm Size of fenestrations
dyes ported yet individualsieve 0.5-3 min/cell
plates
STED Yes* - None Limited Yes Whole cells Moderate high ~50 nm Size of fenestrations
dyes 5-8 min/cell
Individual sieve High ~50 nm Size of fenestrations
plates 10-30 s/area
AFM  Yes' Yes +10%** None Yes Whole cells Low ~80 nm Number of fenestrations
25-40 min/cell
Individual sieve Low ~30 nm Number of fenestrations

plates

2-5 min/area

Size of fenestrations

“The theoretical resolution limit of SIM on our system is ~110 nm, but the combination with the thresholding of the image analysis yields a
measurement size of ~80 nm; ~For cantilevers with sharpened tip; dependent on the tip apex size; FA fixation recommended; 'GA fixation

recommended.

ahility to resolve and measure fenestrations in perinuclear
areas. STED allows a balance between the throughput
(sample preparation plus measurement time) and the ac-
curacy of measurements. Moreover, the optical techniques
allow for simultaneous colocalization with other structures
that can be additionally labeled. Both STED and AFM are
scanning techniques which make them relatively slow.
Large images of the whole LSEC are possible to obtain
with some limitations. AFM requires up to 40 min per
high-resolution image of a single LSEC while during long
STED measurements (up to 8 min per LSEC), bleaching
and thermal drift might hamper the imaging. Moreover,
performing additional high-magnification images using
AFM is required to obtain a resolution comparable with
SEM. Both STED and AFM should be the best choice when
small images of part of LSEC are analyzed for size mea-
surements. Moreover, both were reported to be applicable
for live LSEC imaging.

SEM and AFM do not require sample labeling; hence
the results provided by those techniques do not depend on
the quality and density of labeling, making the analysis
more reproducible. SIM can be used with almost all
available dyes, while STED requires more specialized
dyes. AFM can be used without any or with minimal
sample preparation. We used this to our advantage to
study the influence of each sample preparation step
(required for other types of microscopies) on the topog-
raphy of LSEC. Moreover, AFM remains the only technique

showing fenestrations that are closed/fused within
fenestrae-associated cytoskeleton rings (FACR) [58]. It
also provides precise information about the height of
investigated objects and allowing simultaneous assess-
ment of the nanomechanical properties of investigated
structures. Its main limitation is its low speed, which
makes it impractical to use for large number of cells, as
required, e.g., in screening of drug effects on LSEC
morphology. On the other hand, AFM enables measure-
ments of live LSEC and can be easily correlated with op-
tical techniques. We therefore propose correlative live
(AFM) and fixed (optical) imaging of LSEC. AFM lacks
chemical information about investigated structures but
provides unprecedented resolution for live LSEC imaging.
The combination of AFM and fluorescence solves this
problem. Here we propose that after the AFM experiment,
when the dynamics of the structure of interest is captured,
the sample can be fixed, labeled, and visualized using
fluorescence microscopy. The resulting chemical infor-
mation can be further extrapolated to the AFM data. We
believe that such an approach in the near future would
allow for a better understanding of the origin of fenes-
trations by disclosing the structure of fenestration-
associated cytoskeletal structures as, e.g., fenestration-
forming centers, defenestration centers, fenestration-
associated cytoskeleton rings. Nowadays, the new dyes
for live cell imaging are of great interest for researchers,
but long-lasting fluorescence imaging options are limited.
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The main problems are related to phototoxicity, bleaching
and dye-sample interaction [25]. The latter issue is sig-
nificant for LSEC imaging as limited responsiveness of
LSEC is a major issue in tracking cell membrane dy-
namics. The presented approach, alongside with AFM,
can be used for high-resolution imaging of fenestrations
in live LSEC to test drug responses.

5 Conclusions

We compared several techniques (SEM, SIM, STED, AFM)
allowing for visualization of fenestrations in LSECs in vitro
at the resolution allowing calculation of the fenestration
diameter. We provided the first direct comparison of fen-
estrations in wet-fixed and fixed-dried LSEC. We showed
that fenestration diameters measured using SEM are >30%
larger than with other wet techniques. We advise using
SEM to describe the number of fenestrations per cell.
Fenestration diameters should ideally be calculated using
wet-fixed samples. AFM provides nanometer range reso-
lution in living and fixed LSECs ensuring useful coupling
with the optical microscopy. Moreover, the construction of
the AFM head makes it an easily applicable extension for
most optical nanoscopy modalities that are based on
inverted geometry. We provided the first comparison of
FA/GA fixation on LSEC diameters measured with AFM.
Glutaraldehyde fixation is highly advised for AFM to
minimize the uncertainty of tip-induced sample alter-
ations. Independent use of all presented techniques can be
applied for measurements of fenestrations. However, their
combination can provide novel, additional information
from the correlative perspective, particularly AFM and
conventional fluorescence microscopy, which combines
high-resolution topographical information with cellular
protein identification.
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1. Cell isolation and sample handling

Firstly, livers were initially perfused to remove the blood and then digested using Liberase TM (Roche).
After digestion, the cells were released from Glisson’s capsule into a cold (4°C) perfusion buffer
containing 1% BSA. The obtained suspension of cells was subjected to several centrifugations
(including 25-50% Percoll gradient separation for AFM/STED experiments) to separate hepatocytes,
remaining blood cells, and non-parenchymal cells. Thereafter, LSEC and Kupffer cells were separated
by immuno-magnetic separation using endothelium specific CD146 MicroBeads (MACS, Miltenyi
Biotec, Germany). After isolation, cells were seeded on uncoated glass coverslips and incubated in 5%
CO; at 37°C in EGM-2 cell culture medium (Lonza) for 12-15 hours for AFM/STED or on fibronectin-
coated glass coverslips in RPMI-1640 (Sigma-Aldrich) for 4-6 hours for SIM/SEM, STED/SEM, and
AFM/SEM. Seeding conditions were optimized according to the specific microscopy requirements,
using established methodology [1]. Large gaps, i.e. micron-sized holes in a membrane, were observed
in freshly isolated LSEC after seeding. By comparing live and fixed LSEC, we noticed that no new gap
formation occurred when LSEC were fixed with 3.6% formaldehyde (FA) for 15 minutes or 1% GA for 2
minutes. By monitoring LSEC morphology live, instead of fixed, when using AFM/conventional
fluorescence microscopy, we showed that wet-fixation of cultured LSEC does not damage sieve plates.
However, by investigating individual LSEC using AFM on each step of sample preparation, we noticed
that thorough rinsing (pipetting) of samples with live or fixed cells could damage the delicate structure
of fenestrations within sieve plates. We used warm (37°C) buffers and fixative agents combined with
slow aspiration and delicate rinsing to reduce gap formation.

2. More about the observation in correlative imaging of LSEC

In both SIM/SEM and STED/SEM we observed that visualization of thick areas of LSEC with optical
methods is hampered by such “thickness”. Representative images are presented for SIM/SEM
(Supplementary figure 1) and STED/SEM (Supplementary figure 2). The effect is a result of several
factors. In contrast to SEM where imaging is done from the top, in both STED and SIM imaging is done
in the inverted microscope setups with both excitation and emission beams coming from underneath
the samples and cells. In STED, this forces the adjustment of the focal plane to the cell periphery area
with fenestration (close to the substrate) and therefore fenestrations in the nuclear area are in the
different focal plane, and thus not resolved properly. In SIM, the image reconstruction requires a series
of z stacks at every 125 nm and then each plane is reconstructed. The images are not confocal so signal
from the high/nuclear area where some fenestrations are observed are burdened with the signal from
the rest of the cell body. For the final visualization we use projection images that average all z stacks
which helps to improve signal to noise ratio and reduces background signal but it also disables
observation of the objects that are not uniform throughout the whole cell. Another factor that causes
this effect is the non-perpendicular orientation of those fenestrations, due to the slope from height
difference between nucleus (2-3 um) and cell periphery (0.3-0.5 um).

Moreover, so called fenestration labyrinths are observed in these areas (Supplementray figure 3)
which further interfere with imaging. As fenestrations are negative structures observed in optical
techniques (i.e. we are looking for lack of a staining within fenestrations created by signal for the dye
particles of the surrounding membrane), resolving fenestrations in these areas is overburdened with
large errors.



Supplementary Figure 1 | Correlative SIM and SEM microscopy of a liver sinusoidal endothelial cell. Images present a
representative LSEC analysed in Figure 1. The perinuclear zone, where the cell is thick, hampers visualization of fenestrations
(encircled area). As a result, the number of fenestrations is underestimated in SIM.

STED/SEM

53

Supplementary Figure 2 | Correlative STED and SEM microscopy of part of a LSEC. Images present a sieve plate that was
selected for the analysis in Figure 2. The area of LSEC where the cell is thick hampers visualization of fenestrations (arrow).
The same area is distorted in SEM, as dehydration affects these areas more than the flatter areas. The coalescence of
fenestrations is also observed in SEM but not in STED (arrowheads).



Supplementary Figure 3 | Correlative AFM and SEM microscopy of parts of LSECs. Images present an interconnection of cells
that was selected for the analysis in Figure 4. Large view AFM image (A) allows for identification of fenestrations and
assessment of cell height and comparison with the corresponding area in SEM (B). The pixel-point (as introduced in[2]) of 80
nm does not allow for precise measurement of fenestration diameter. High-resolution AFM image analysis was performed in
the selected area of the SEM micrograph. After dehydration cracks in cells are often observed (black arrows). (C). Encircled
area in SEM (C) and AFM (D) highlight fenestration labyrinths — the areas in which fenestration lie over other fenestrations.
Transcellular regions, where AFM tip reached glass substrate are presented as black. Rounded cyan-coloured areas indicate
fenestrations, for which cell membrane was observed within them. In particular, within one top fenestration more than one
fenestration can be observed in the bottom layer (white arrow).



2. The effect of permeabilisation on LSEC fenestrations

In order to investigate the influence of staining procedures on LSEC morphology, we stained LSEC with
CellMask Deep Red and with phalloidin-Atto488, both preceded by 5 min 0.1% Triton X-100 treatment.
We found the morphology of LSEC to be unaltered after staining; however, we observed significant
changes in the morphology of fenestrations in permeabilized LSEC (Figure 4).

— Triton X-100

+ Triton X-100

Supplementary Figure 4 | Changes in the topography of LSEC in response to Triton X-100 treatment measured
using Ql AFM. A,B FA-fixed LSEC. A1-3 Areas of interest were selected and measured in high resolution. B the
same area as A, measured after treatment with 0.1% Triton X-100 for 5 minutes. B1-3 The same high-resolution
images as in Al-3 were selected after permeabilization. The formation of new fenestrations (arrowhead),
enlargement (short arrow) and fusion (long arrow) of existing fenestrations was indicated. The same area was
scanned twice to exclude the effect of AFM tip altering the samples — no changes induced by the AFM tip were
observed.

Triton X-100 is a widely used detergent for permeabilization of the cell membrane [3]. It enables dyes
and antibodies to reach the interior of the cell. Triton X-100 does not change the cortical cytoskeleton,
and the overall cell morphology remains unchanged [4]. Nevertheless, even the slightest changes may
influence the calculated dimensions when investigating objects at the nanoscale, such as fenestrations
in LSEC. Indeed, we observed several new openings in the cell cytoplasm, and some of them were the
size of fenestrations (Figure 4, arrowhead). Moreover, occasionally an enlargement in individual
fenestrations was noticed, mainly due to coalescence of fenestrations (Figure 4, arrows). Similarly to
another report [5], we did not observe any significant changes in cell elasticity after 0.1% Triton X-100
treatment.

The smooth cell membrane visualized with AFM for fixed cells became rough and distorted after
5 minutes of 0.1% Triton X-100 treatment. The merging of individual fenestrations and the formation
of new open fenestrations were observed. However, the overall porosity seems to be only slightly
affected, as most of the fenestrations gathered in sieve plates can be clearly identified. Nevertheless,
we recommend using non-permeabilized cells when a detailed analysis of fenestration diameter is
performed.



3. The effect of formaldehyde (FA) fixation on imaging of fenestrations in LSEC using AFM

Cytochalasin B was reported to not affect fenestration diameters. Here, we observed an increase in
FA-fixed cells treated with cytochalasin B for the same load force used in the experiment
(Supplementary figure 5). We observed higher load-force-dependence for cytochalasin B treated cells
than for the control. Since the fenestration scaffold is made of actin [1],[6] and cytochalasin disrupts
actin, the effect is expected for large load force values (here we used 350 pN). In Figure 3 we showed
that GA provides better crosslinking of proteins than FA resulting in higher apparent Young’s modulus
values. When we analysed LSEC treated with cytochalasin B and fixed using GA the enlargement
vanished. Therefore, we advise using GA-fixed LSEC (Figure 4), or use of minimal load force of < 100
pN (close to the contact point) (Figure 5), when fenestration diameters are analysed with AFM
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Supplementary Figure 5 | The distribution of fenestration diameters obtained as a result of AFM measurements and analysis
of LSEC fixed with glutaraldehyde (GA) and formaldehyde (FA), both control and treated with 21 uM cytochalasin B for 30
minutes prior to fixation. The load force of 350 pN was applied in all measurements (k=0.1, tip apex 25 nm). Mean values and
standard deviation were presented above corresponding plot, resulting from log-normal fit.
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Liver Sinusoidal Endothelial Cells (LSEC) line the hepatic vasculature providing blood filtration via trans-
membrane nanopores called fenestrations. These structures are 50—300 nm in diameter, which is below the
resolution limit of a conventional light microscopy. To date, there is no standardized method of fenestration
image analysis. With this study, we provide and compare three different approaches: manual measurements, a
semi-automatic (threshold-based) method, and an automatic method based on user-friendly open source machine
learning software. Images were obtained using three super resolution techniques — atomic force microscopy

(AFM), scanning electron microscopy (SEM), and structured illumination microscopy (SIM). Parameters
describing fenestrations such as diameter, area, roundness, frequency, and porosity were measured. Finally, we
studied the user bias by comparison of the data obtained by five different users applying provided analysis

methods.

1. Introduction

Liver Sinusoidal Endothelial Cells (LSEC) are the interface between
the blood stream and the surrounding hepatocytes in the liver. Filtration
is maintained by LSEC nanopores which are also known as fenestrations.
Their diameter of 50—300 nm is crucial for size dependent passive
transport of plasma soluble molecules (e.g., albumin, glucose, drugs)
and small nanoparticles such as chylomicron remnants (Braet and Wisse,
2002). These nanopores are typically found in groups of 5-100 called
sieve plates which are located mostly in the area outside the nuclear
region. Fenestrations are dynamic structures that can react to various
stimuli such as drugs or change in local environment (Braet and Wisse,
2002) and adapt their diameter and/or number within minutes or even
seconds (Zapotoczny et al., 2019, 2017). Along with the passive trans-
port of macromolecules via fenestrations, LSEC also participate in the
clearing of circulating waste through active uptake via scavenging re-
ceptors. A diverse array of macromolecular waste material is constantly
removed from the blood circulation by clathrin-mediated endocytosis
(Sgrensen et al., 2012). LSEC also play an active role in the clearance of

circulating polyoma virus (Simon-Santamaria et al., 2014) and bacte-
riophages (ie et al., 2020).

Both the number and diameter of fenestration are important for
proper liver function. Defenestration — the loss of porous morphology is
an early indication of liver fibrosis, which can cause atherosclerosis due
to lack of filtration of lipoproteins from the blood stream (Rogers et al.,
1992). It has been reported that porosity decreases in ageing and can be
a main factor contributing for the need of increasing doses of drugs
targeting hepatocytes (e.g. statins) that have to pass through the pores to
reach their target (Le Couteur et al., 2002; Hunt et al., 2018a).
Conversely, hepatocyte mediated detoxification of drugs from the
plasma, requires porous LSEC - age related loss of porosity can result in
drug doses, otherwise safe for young people, being toxic for the elderly.
Moreover, hepatocytes regulate the glucose plasma concentration and
LSEC are responsible for the passage of insulin (via fenestrations) to
facilitate glucose disposal (Tsuchiya and Accili, 2013). All these aspects
confirm that the lack of a healthy LSEC phenotype plays an important
role in the development of many diseases. However, recent work has
shown that the ageing related loss of LSEC fenestrations may be
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reversible by repurposing a number of existing medicines (Hunt et al.,
2018b, a). In addition, new nanomedicines show promise in this regard
(Hunt et al., 2020b, 2021).

To date, in almost every article describing LSEC, the fenestration size
is typically shown as a histogram of diameter distribution and/or mean
value of fenestration diameter. Other parameters describing LSEC’s
porous morphology are fenestration frequency (number of fenestrations
per area, less often per cell) and porosity (percentage of cell area covered
by fenestrations). Altogether, these three features allow for complete
evaluation and comparison between the LSEC phenotype in health and
diseases, as well as after challenge with various drugs, with ageing, etc.
However, the methods by which researchers obtain these data are often
vaguely described. The lack of standardization results in cumbersome
comparisons between the separate experiments conducted by different
researchers.

Only a few studies proposed to standardize and automate the anal-
ysis of fenestrations using images obtained by different microscopy
techniques. In 2015, Cogger et al. (2015) proposed a method for isola-
tion, sample preparation and analysis using scanning electron micro-
scopy (SEM). The authors suggested to manually mark the cell surface
area and then measure the longest fenestration diameter using free ac-
cess software such as Fiji/ImageJ (Schindelin et al., 2012). Although this
method can be precise, it is time consuming and requires an assumption
of fenestration circularity, which may bias the results. The magnification
or pixel size issues resulted from poor image resolution are not discussed
in the protocol. In 2018, Di Martino et al. (2018) proposed the analysis
method for STED (Stimulated Emission Depletion) microscopy images of
fenestrations using contour trace and macro programming to obtain
semi-automatization of the process. The brief description suggests also
that some manual steps are required. The authors made assumptions
about fenestration circularity, but the exact roundness parameters for
exclusion were not specified. Kong and Bobe (2021) proposed a well
described semi-automated processing of human LSEC images obtained
by Structured Ilumination Microscopy (SIM). A Python based auto-
mated image processing macro utilizes an adaptive thresholding process
and segmented images are further analysed to calculate both the number
and diameter of fenestration. In 2017, we proposed the quantitative
method for atomic force microscopy (AFM) image analysis of LSEC
(Zapotoczny and Szafranska, 2017). Fenestration diameters were
manually measured from high magnification images and, together with
the manually counted fenestration number, then converted into
porosity. The proposed method was precise, yet time consuming simi-
larly to the other methods described above that involve manual
measurements.

Recent developments in machine learning resulted in new possibil-
ities for automatization or semi-automatization of the LSEC morphology
analysis. Li et al. (2020) proposed an in house developed image recog-
nition program based on a fully convolutional network for fenestration
analysis. Unfortunately, many algorithms require programming skills in
various programming languages, which is the main obstacle for the wide
use of machine learning in biology. Recently, new software was devel-
oped with user friendly interfaces such as Weka Segmentation (Argan-
da-Carreras et al., 2017) or llastik (Berg et al., 2019). The combination
of machine learning, basic image analysis and manual adjustments of-
fers new ways to optimize the previously proposed methods and adjust
them to sample size and precision needed for future experiments.

In this article we compare three different methods of image analysis:
fully manual, semi-automatic (thresholding using ImageJ/Fiji) and
automatic — machine learning (based on Ilastik software). We apply all
three analysis methods for images obtained using each type of micro-
scopy — AFM, SEM, and SIM. For clarity, both methods and results sec-
tions are divided according to the three imaging techniques. Finally,
user bias is discussed based on the cross-correlation of image analysis
performed independently by five researchers.

Micron 150 (2021) 103121

2. Materials and methods
2.1. Cell isolation

The cells were isolated as described in Zapotoczny and Szafranska
(2017) for AFM and SIM (mouse LSECs) and in Monkemoller et al.
(2018) for SEM (cryopreserved rat LSEC). The experiments followed
protocols approved by the local Animal Care and User Committees.
Briefly, mice/rats were anesthetized using a mix of ketamine/xylazine
and liver was perfused to remove blood and digested using Liberase™
(Roche, Germany). Thereafter, parenchymal cells were removed by a
series of centrifugations. Mouse LSECs were isolated using immuno-
magnetic separation and CD146 conjugated magnetic beads (MACS,
MiltenyiBiotec, Germany) while rat LSEC were separated by density
gradient centrifugation (50/25 % Percoll gradient) followed by selective
adherence to remove stellate cells and Kupffer cells, respectively. After
separation, cells were seeded on glass coverslips and washed with media
after 1 h incubation in 37 °C, 5 % CO», 5 % O3 (cell culture media and
surface coating specified for each technique below).

2.2. Sample preparation, imaging, and quantitative analysis

The differences in properties of the images obtained by each mi-
croscopy modality affect the analysis strategies. Therefore, each quan-
titative analysis is described separately for each imaging technique. For
more detailed examples of the analysis see Supplementary Materials.
The list of the parameters of interest can be found in Table 1.

2.2.1. Atomic Force Microscopy (AFM)

2.2.1.1. Sample preparation and imaging. In our analysis, we used im-
ages of samples prepared according to Zapotoczny and Szafranska
(2017) and Monkemoller et al. (2018). LSEC were cultured for 12—16 h
on uncoated glass coverslips in EGM-2 full media (Lonza) and fixed for 2
min in 1 % glutaraldehyde in PBS and stored in PBS (with Mg?", Ca®")
until imaging for up to two weeks. The measurements were performed
using a JPK Nanowizard 3 AFM system (JPK Instruments AG, Germany)
in PBS (with Mg?", Ca®*) in a commercial liquid cell with the temper-
ature control (25 °C). High magnification images were obtained using
Quantitative Imaging mode with semi-soft (k = 0.03—0.06 N/m)
triangular cantilevers with sharpened tips (radius <12 nm); low

Table 1
Parameters used for description of LSEC morphology.
Parameter Definition Unit
(SEM/SIM) area of single cell surface
Cell area (AFM) area of all cells in the image reduced by nm? (pmz}
nuclei region of height above 700nm
Max diameter — the longest diameter of single
fenestration
. Min diameter — the shortest diameter of single
Fenestration .
diameter fenestration nm
For (semi-)automatic methods max and min
diameter are calculated with the assumption of
elliptical shape
Roundness min diameter 0-1,
max diameter unitless
Single (circularity assumption) 1 x diameter?
fenestration (elliptical assumption) n x min diameter x nm?®
area max diameter
(Manual method, S12) Number of fenestrations x
Total area of fenestration diameter distribution 2 2
fenestrations ((Semi-)automatic methods) total detected area nm (um)
of fenestration
Porosity total area of fenestrations % 100% %
cell area
Fenestration number of fenestrations No. of fen.
frequency cell area Hm?
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magnification images of whole cells were imaged with contact mode and
semi-soft triangular cantilevers with a regular tip (radius <60 nm).
Precise imaging description and parameters such as loading force can be
found in our previous work (Zapotoczny and Szafranska, 2017).
Collected data were processed with JPK Data Processing Software and
converted to tiff format for further analysis using ImageJ/Fiji.

2.2.1.2. Quantitative analysis.
1 Fenestration diameters

Single fenestration diameters were measured in three different ways
from 26 high magnification images displaying a total of 625 fenestra-
tions. A representative image is presented in Fig. 1A.

I Manual quantification was performed as follows: First, images
were scaled to the scale bar individually for every image. Then,
the shortest and the longest diameter of each fenestration were
measured (minor and major axis respectively, assuming an
elliptical shape of fenestration). Finally, the area of every pore
was calculated with the assumption of an elliptical shape. The
roundness parameter was defined as a ratio between the minor
and major axes measured. Every fenestration was assigned with a
number for further identification and comparison with another
two methods. Holes on the edge of the image or clearly distorted
i.e., not having a round shape or merged due to imaging or
sample preparation artifacts were excluded.

The semi-automatic method is based on the difference in contrast
between the inside of fenestration and LSEC membrane. A simple
threshold tool in Fiji was used to manually set cut off values for
every independent image to ensure maximal precision (image
from same imaging conditions are recommended when applying
the same thresholding value to reduce bias). Next, the image was
converted into a binary mask and then every fenestration was
measured. Parameters such as fenestration area, fenestration
diameter (min, max, mean), and roundness were calculated
automatically (under “Analyze particles” tool in Fiji, size and
circularity were set the same for all the images) and assigned to
each fenestration according to the previously established order
(for fenestration-by-fenestration analysis). Similarly to the

I

=

Automatic

A (Semi-)automatic
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manual quantification, the scale bar was used to adjust the scale
for every image.

IIT The automatic method for the measurement of fenestrations is
based on machine learning. Presented results were analyzed with
Ilastik software. The algorithm was trained on a set of four
representative images. A user teaches the software by marking
parts of the image indicating the areas of fenestrations and the
rest of the cell body area. Training is simple and takes about 30
min. Then, batch processing was applied to all 26 images to
create simple segmentation binary masks (Fig. 1A, top). Finally,
masks were analyzed using ImageJ/Fiji similarly to the semi-
automatic method.

All 625 fenestrations were independently assigned with area, diam-
eter (min, max, mean) and roundness obtained from three different
quantitative methods and then compared.

2 Fenestration frequency and porosity

The fenestration frequency and porosity (see Table 1 for definitions)
were measured from low magnification images of whole cells (Fig. 1B).
27 images of 40 pm x 40 pm size were analyzed. Initially, the image size
was artificially converted (from 1024 x 1024 pixels to 2048 x 2048
pixels) with linear interpolation to digitally increase the resolution of an
image (“Adjust Size” tool in Fiji). Artificially increased resolution does
not bring any new information, however smaller pixel size is beneficial
for better fenestration detection in all 3 analysis methods.

I Manual quantification was utilized in a two-step process. First,
fenestrations were counted manually for the whole AFM images.
Second, the cell area was calculated, excluding the background
and nuclei areas. To achieve this, by using the 3D information
about the topography of cells, regions of heights above 0.7-1.0
pm were excluded from analysis, by image contrast adjustment.
We assumed that fenestrations can be formed only in flat areas of
LSEC. Finally, the total area occupied by fenestrations, fenestra-
tion frequency, and porosity were calculated using the number of
holes and mean diameter distribution measured from high
magnification images (detailed description of calculation can be
found in Supplementary information SI.1.).

Fig. 1. Representation of the AFM image anal-
ysis. (A) High magnification AFM image of the
sieve plate. Overlaid mask of fenestrations
detected by (semi-)automatic methods and
manually measured diameters are presented.
Fixed cells were imaged using QI AFM mode
and a sharp MSCT tip. (B) Low magnification
AFM image of LSEC. Overlaid mask of detected
fenestrations from the automatic method and
marker points from manual fenestration count-
ing are shown. Fixed cells were imaged using
AFM contact mode and the MLCT tip.
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II Simple thresholding could not be used for low magnification
images due to the artefacts of AFM measurements that make the
height (topography) images look curved/tilted. Built in image
corrections are not sufficient and images require cumbersome
analysis. Therefore, the semi-automatic method could not be
applied to the low magnification AFM images.

III Automatic image analysis was successfully applied to measure
fenestration number and area from low magnification AFM im-
ages. First, the program was trained on sets of four images
(training time of around 1 h) and then all 27 images were
analyzed using batch processing. Next, images were converted
into simple segmentation binary masks and analyzed in ImageJ/
Fiji. To avoid fenestrations merged together the watershed tool
was used followed by particle analysis to exclude objects from
outside of the fenestration range of 50—300 nm and circularity
below 0.4. The remaining objects were automatically counted,
and the total area measured to calculate porosity and fenestration
frequency.

2.2.2. Nanoscopy - Structured Illumination Microscopy (SIM)

2.2.2.1. Sample preparation and imaging. Samples were prepared as
previously described (Zapotoczny and Szafranska, 2017; Monkemoller
et al., 2018). Briefly, cells were seeded on fibronectin coated coverslips
in RPMI-1640 medium (Sigma-Aldrich) and then fixed for 10 min with 4
% formaldehyde (FA) in PBS and stored in PBS containing 0.1 % FA.
Before imaging, cells were stained using CellMask Green (Thermo-
Fisher) 1:1000 dilution in PBS for 30 min and then mounted onto glass
slides using Vectashield antifading mounting media (Vector Labs). Im-
ages were obtained using a commercial SIM microscope (OMX Blaze
system, GE Healthcare) with a 60x 1.42NA oil-immersion objective
(Olympus). 3D-SIM image stacks of 2—3 pm were acquired with a
z-distance of 125 nm and with 15 raw images per plane (five phases,
three angles). Raw datasets were computationally reconstructed using
SoftWoRx software (GE Healthcare) and z-projections in tiff format were
prepared for further analysis.

2.2.2.2. Quantitative analysis (Fenestration diameter, fenestration fre-
quency and porosity). Initially, the image size was converted from 1024
x 1024 pixels to 2048 x 2048 pixels, with linear interpolation, using the
adjust size tool in Fiji to digitally increase the resolution of the image.

I The scale was adjusted to the size of the image of 40.96 pm x
40.96 pm and 300 fenestrations were manually measured from
the top right quarter of each of 20 images. For every fenestration,
both the smallest and the largest diameters were measured to
calculate mean values. For calculation of fenestration frequency,
the cell area was measured using the threshold tool in ImageJ/Fiji
(fenestrations area including) and fenestrations were manually
counted (Fig. 2 Manual). Porosity was calculated using fenes-
tration diameter distribution and the number of fenestrations
individually for every image (for detailed calculations see Sup-
plementary information SI.1.).

II For the semi-automatic method, images were converted into bi-
nary masks using the threshold tool with manually adjusted
values for each image. A watershed function was then applied to
avoid exclusion of merged fenestrations, and only objects within
the fenestration size range were saved (“Analyse particles™ Fiji
tool, 50—300 nm diameter and circularity above 0.4). Finally,
fenestration diameter, the total area and number of fenestrations
were measured and used to calculate porosity and fenestration
frequency (Fig. 2 Semi-automatic).

III The machine learning based automatic method was used for fast
image processing. After training on four images (training time of
about 1 h) all 20 images were processed and converted into
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Manual

Semi-automatic

Automatic

Fig. 2. Representative analysis of SIM image of LSEC stained with CellMask
Green. Red - fenestrations detected by semi-automatic method, blue - fenes-
trations detected by automatic machine learning method, yellow marks — fen-
estrations counted manually.

simple segmentation binary masks in tiff format (Fig. 2 Auto-
matic). Further analysis was the same as for the semi-automated
method described above (analyse particles, size dependent object
exclusion).

2.2.3. Scanning Electron Microscopy (SEM)

2.2.3.1. Sample preparation and imaging. Samples were prepared as
previously described (Monkemoller et al., 2018). LSEC were seeded for 3
h on fibronection covered glass coverslips in RPMI-1640 medium (Sig-
ma-Aldrich) and then fixed and stored in a mix of 4 % formaldehyde and
2.5 % glutaraldehyde in cacodylic buffer. Samples were then processed
with 1 h treatment with freshly made 1 % tannic acid in PHEM buffer, 1
h of 1 % OsO4 in H20, dehydrated in ethanol gradient (30 %, 60 %, 90 %
for 5 min each, 5 times for 4 min in 100 % ethanol, and incubated twice
for 10 min in hexamethyldisilane (HMDS), then left overnight to evap-
orate. Before imaging, samples were mounted on metal stubs using
carbon tape and silver glue to reduce charging and then sputter coated
with 10 nm gold/palladium. A commercial SEM system (Sigma, Zeiss)
was used for imaging with a 2 kV electron beam. Low magnification
images (Fig. 3B) were obtained from 5 different areas of the sample with
20 images of single cells in total. High magnification images (Fig. 3A,
~6.5 nm/pixel) were taken for each of the 20 cells.

2.2.3.2. Quantitative analysis.
1. Fenestration diameters

Contrast and brightness were adjusted for every image and the scale
was set according to the scale bar.

I Fenestrations were manually measured from 20 high magnifica-
tion images; assuming elliptical shape, both the smallest and the
largest diameter (along minor and major axis respectively) were
measured and then used for the calculation of the area and
roundness.
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2§ Semi-automatic
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Manual

Automatic

Fig. 3. Representation of the SEM image analysis. (A) High magnification of LSEC imaged using SEM. The upper panel of the image represents the overlaid mask of
detected fenestration by semi- and automatic methods (white) or automatic only (magenta). (B) Low magnification of LSEC imaged using SEM. Red - fenestrations
detected by semi-automatic method, blue — fenestrations detected by the automatic machine learning method, yellow — fenestrations counted manually.

II The second semi-automatic method based on the Fiji threshold
function consists of few steps (detailed example in Supplemen-
tary information SI.2.). First, the contrast was adjusted to better
visualize the edges of fenestrations and the image was inverted.
Next, the threshold was manually set using the Huang algorithm
to the point where single fenestrations but not their surrounding
edges were covered. Images were then converted into binary
masks and objects larger than 300 nm or smaller than 50 nm and
with roundness below 0.4 were excluded. Every fenestration was
then automatically measured and parameters such as area, di-
ameters (min, max, mean) and roundness were calculated.

III For fast image processing, machine learning was applied. First,
the algorithm was trained using four images (training time of
about 2 h) and then all 20 images were processed and converted
into simple segmentation binary images. Fenestrations were then
measured the same way as described for the semi-automated
method.

2. Porosity and fenestration frequency

I Fenestrations were manually counted (Fig. 3B, yellow) and the

cell area was calculated from the manually marked cell shape.

The total area of fenestrations was calculated using fenestration

number and previously measured diameter distribution from

high magnification images (details in SI.1.).

The semi-automatic method was applied with parameters

adjusted for every image individually as for the high magnifica-

tion images described above (contrast adjustment, inversion,
threshold and particle analysis exclusion by size) (Fig. 3B red).

The total area and number of fenestrations were automatically

measured after scale adjustment and used for the calculation of

porosity and fenestration frequency.

III For automatic analysis, the algorithm was trained using five low
magnification SEM images and then all 20 images were pro-
cessed. Simple segmentation binary images were then analyzed
using ImagelJ/Fiji similarly to the semi-automated method.

=}

2.3. User comparison

Five individual users with different experience with image analysis
were asked to analyze one high magnification SEM and nine SIM images.
For the SEM image, each user was asked to manually measure the same
700 marked fenestrations, set the scale by measuring the scale bar and

perform analysis using semi-automatic and automatic methods accord-
ing to the descriptions above. Then each of the 700 marked fenestrations
were assigned with parameters (area of single fenestration, fenestration
diameters (min, max, mean), and fenestration roundness). For SIM im-
ages, all participants were asked to manually count fenestrations from
nine whole images and then analyze all images using semi-automatic
and automatic methods as described above. The parameters were
measured by five different users using three different analysis methods.
Results were cross-correlated between each other (every single user with
every other user).

2.4. Statistics

All statistical analyses were performed using OriginPro software
(OriginPro 2021, OriginLab Corp., Northampton, MA). The total
numbers of analysed cells and fenestrations are summarized in the
Table 2. For porosity and frequency parameters, the comparison be-
tween the methods was based on the relation between the (semi-)
automatic methods and manual (standard) approach. The linear corre-
lation is necessary for the method to be useful in the experiments with
expected changes in selected parameters. Therefore, linear regression
was fitted to the data with the R? coefficient describing linearity (the
closer to 1 the more linear) and slope (tangent of the angle) describing
the correlation between the values. A slope of 1 is preferred as the
change in porosity/frequency measured by the (semi-) automatic and
manual methods would remain the same even if the absolute values
vary. Slopes lower or higher than 1 mean under- or over-estimation,
respectively.

Table 2
Total number of analysed images per imaging technique.
Imaging Image Number of Number of Pixel
technique Magnification images/cells measured size
fenestrations [nm]
High 26 (M,S-A, A) 625 4-6
APM Low 27 20
(M) 6 000
SIM Low 20 (S-A) 60 000 20
(A) 63 000
. (M) 8 100
High 21 -
SEM 8 0 (S-A, A) 16 000 67
Low 20 18—-20

M — manual, S-A- semi-automatic, A - automatic.
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Fig. 4. Analysis of AFM images. (A) Histogram of fenestration diameter distribution. The dotted lines represent fitted Gaussian curves from which the mean values
were calculated. Data comes from 625 fenestrations from 26 high magnification images of sieve plates (see Fig. 1A). (B) Correlation of fenestration frequency
calculated using Automatic and Manual counting. Each dot represents a single image (see Fig. 1B), 27 images in total. S - slope of the fitted linear function, ic -
intercept. (C) comparison of single fenestration diameter measured manually and automatically with the assumption of elliptical fenestration shape. Max, min
diameter — major and minor axis of the ellipse. (D) comparison of single fenestration area measured manually and automatically. (C, D) each dot represents a single
fenestration measured by 3 different techniques. (E) Distribution of fenestration roundness measured by different techniques (roundness = ratio of min to max
diameter). (F, G) correlation of roundness parameter between manually and automatically measured fenestrations.
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3. Results and discussion

In this section, the terms Manual, Semi-automatic and Automatic are
used for the 3 quantitative analysis methods described in detail in the
Materials and Methods section

3.1. AFM image analysis

Fenestration diameter distribution obtained from 26 high magnifi-
cation AFM images show differences between the three analysis methods
(Fig. 4A). Gaussian curves were fitted to calculate the mean diameter
and the width of the distribution. The smallest mean diameter of 123 nm
was obtained from manually measured data, semi- and automatic
methods gave values of 136 nm and 150 nm, respectively. The larger
diameter for non-manual methods may be related to the fenestration
edge detection. Manual measurement is based on contrast and user
judgement and may vary between the images. For semi- and automatic
methods, the diameter is calculated back from the measured areas of
single fenestrations with the assumption of circularity. Moreover, the
detection of fenestrations by machine learning may require detection of
the edge of the hole and it could therefore increase the total area and
diameter of fenestration. This issue is related to the pyramidal shape of
the AFM tip which may influence the intensity gradient corresponding
with the height on the fenestration edge (more information about the
AFM tip shape problems for fenestration measurement can we found in
Zapotoczny and Szafranska (2017)). A pixel size of 4—6 nm would
explain that difference of 13/27 nm, which correlates with 2-4 pixels
between the manual and (semi-)automatic methods (Fig. 4A).

Individual analysis of each of the 625 fenestrations provides a
comparison of each of the three analysis techniques for each pore.
Fig. 4C shows the linear relation between the manually measured min
and max diameters and the (semi-)automatic method calculated data.
The fitted linear regression presents a good correlation of R* = 0.94 and
0.95 for the automatic and semi-automatic methods, respectively. The
slope of the regression for both methods was 1.2 and the intercepts of 16
nm and 10 nm for the automatic and semi-automatic methods, respec-
tively. Both the slope above 1 and the intercept values confirm that the
non-manual methods detect fenestrations as larger than the manual
data, however, the good linear correlation makes the measurement
comparable between the samples with differences in fenestration size.
The same results have been observed for fenestration-by-fenestration
analysis of the areas of single pores (Fig. 4D). The linear regression
slope of 1.1 and R? = 0.96 show a good linear correlation.

Most of the previously published articles dealing with the measure-
ment of LSEC morphology assumed circularity of fenestrations. Here we
show that the roundness parameter — the ratio between minimum and
maximum diameter, concentrates about the value of ~0.85 for all
methods (Fig. 4E). Interestingly the distribution of the manual mea-
surements is wider and the number of nearly circular fenestrations
(0.95-1) is much higher than for (semi-)automatic methods. Moreover,
the comparison of roundness of single fenestrations between the three
methods shows a correlation between automatic and semi-automatic
(Fig. 4G) but not between manual and automatic methods (Fig. 4F).
This result may suggest the user bias towards a more circular shape as
the choice of min/max diameter is subjective. The roundness distribu-
tion from the automatic and semi-automatic methods is very similar and
a slight increase towards more round fenestrations correlates well with
the assumption that the machine learning algorithm detects the edges of
the holes equally enlarging both min and max diameters and therefore
increasing the roundness parameter.

The fenestration frequency calculated using automatic methods
shows good correlation with the manual measurement (Fig. 4B). Almost
all measured data lay within 95 % confidence interval and slope of 0.92
with R? = 0.83 indicate linear correlation.
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3.2. SIM image analysis

Twenty LSEC SIM images were analyzed in three different ways. The
comparison between the manual method and the (semi)automatic
methods (Fig. 5A) showed a linear correlation with R? values of 0.85 and
0.82, respectively. The correlation for SIM is similar to the AFM images
which it is enough to be useful for comparison of data from different
treatment groups. There are no significant differences in the measured
numbers of fenestration per image between various analysis methods
(Fig. 5B). Fenestration frequency was not calculated due to difficulties in
the detection of cell boundaries. The Cell Mask dyes are a group of cell
membrane dyes that provide great contrast needed for detection of
fenestrations but further analysis and calculations can be optimized for
single cells only on non-confluent samples where only a single cell is
visible in the field of view of the microscope. Alternatively, cells can be
separated manually. For samples with tight cell monolayers, the cell
area can be normalized according to the visible number of cells for
porosity/fenestration frequency calculations by subtraction of the mean
area of nuclei (10 pm is a good approximation of diameter of LSEC
nuclei).

Fig. 5C shows the differences in the distribution of diameters. The
semi-automatic method shifted distribution towards a larger apparent
fenestration size with a mean value of 178 nm. Automatic and manual
methods gave similar results with mean diameters of 138 nm and 130
nm, respectively. Machine learning showed a high number of small
pores below 75 nm which may be an artifact of the detection algorithm
and can be optimized by the increased training time. For all methods
objects smaller than 50 nm were excluded. A pixel size of 20 nm is not
sufficient for the detection of holes below 50 nm due to Nyquist's
sampling criterion. The mean diameter values were calculated as centers
of the fitted Gaussian distribution curves to compensate for this. The
difference between semi-automatic and the other methods can be biased
by the manual adjustments of the cut-off intensity value. The threshold
must be set individually for every image so changes towards both
smaller and larger diameters can be introduced by the users. It is not
possible to use a fixed value as the intensity in the perinuclear area
varies between the cells and would induce artifacts that influence the
segmentation more than the manual adjustment.

Similarly to the data from the AFM images, the roundness parameter
was calculated with the assumption of fenestration elliptical shape. The
shift towards a more circular shape can be observed for manual mea-
surements which is consistent with the previous observation, most
probably resulting from the user bias. Also, the roundness values
concentrate around a value of 0.9 for SIM images compared to 0.82 for
AFM images. This difference is connected with the imaging technique —
raw SIM images require reconstruction which will make small objects at
the edge of achievable resolution appear more round in shape due to
Wiener filtering (part of the SIM reconstruction algorithm). Adjustment
of the image size using bilinear interpolation makes the shape even more
circular. Nevertheless, the benefits of the decreased pixel size, which
allows better precision of the quantitative analysis, outweigh the
downsides.

3.3. SEM image analysis

Twenty high magnification SEM images were quantitatively
analyzed using three different methods. Comparisons between manual
and (semi)automatic techniques showed differences in the shape of
mean diameter distribution (Fig. 6A). Mean fenestration size was
calculated from the manually measured min and max diameters or for
(semi-)automatic methods calculated from the detected areas, assuming
circularity of holes. Only manually measured values had a simple
Gaussian distribution with the center at 175 nm. The other two methods
show the results with at least double Gaussian shape peaks; the first one
being within the regular fenestration size range with centers at 178 nm
and 191 nm for semi-automatic and automatic methods respectively,
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Fig. 5. Analysis of SIM images. (A) Correlation between manually and automatically counted fenestrations. Each dot represents a single image (see Fig. 2), 20 images
in total. (B) Comparison of fenestration frequency between the studied groups. (C) Distribution of fenestration diameter. The dashed line represents fitted Gaussian
curve from which the average value was calculated (tip of the curve). Fenestrations smaller than 50 nm were excluded due to a pixel size of 20 nm. The total number
of fenestrations measured — 6 000, 60 000, 63 000 from manual, semi-automatic and automatic methods respectively. (D) Distribution of the roundness parameter

calculated from measured fenestrations.

and the second maximum with centers at 100 nm and 120 nm. The
additional detected objects are identified on the images as non-
transmembrane protrusions in the cell membrane, most probably
endocytic vesicles arising from the prominent endocytic properties of
LSECs. Their size and contrast, being similar to fenestrations, make them
impossible to be separated from fenestrations using threshold or Ilastik
analysis, however, they can be removed from further calculations and
analysis using the multi-peak Gaussian curve fitting or by cutting off all
the objects below a certain size. The first approach requires more time as
it should be adjusted for every cell/image but interferes less with the
data. The second approach can be automated to a cut-off value set in the
middle of the two maxima, but it can significantly affect the results if
changes in fenestration diameters towards smaller values are expected
(two peaks overlapping).

Fenestration-by-fenestration analysis with three different methods
shows a good linear correlation between manual and (semi)automatic
measurements with R? = 0.95-0.96 and a slope of 1. The automatic
compared to the semi-automatic approach causes a 16 nm shift towards
larger apparent fenestration size and area of 2300 nm?. Similarly to the

analysis of the AFM images, the machine learning algorithm is detecting
the edge of the holes resulting in the systematic error with the value
connected to the pixel size. This error would not affect the comparison
between the treatment groups with expected changes in diameter but
should be taken into consideration for comparison between data
calculated with different methods of analysis.

Porosity and fenestration frequency were calculated from low
magnification images. Both semi-automatic and automatic methods
show a linear correlation of the values of porosity when compared with
manual measurements, R? = 0.89 and 0.91 (Fig. 6D). However, the
slopes of the linear regression are 0.63 and 0.9 respectively. The dif-
ference in slope suggests that the semi-automatic method is under-
estimating the value of calculated porosity. The difference in slope
values between the methods can be more pronounced with the increase
of cell porosity due to drug treatment. As a result, smaller changes in cell
porosity can be wrongly assigned as not significant. The smaller inter-
cept of linear regression of the semi-automatic compared to the auto-
matic method makes it more similar to manual measurement, however,
the difference in slope is more important for the usefulness as a tool for
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Fig. 6. Analysis of SEM images. (A) Fenestration diameter distribution measured from high magnification SEM images (see Fig. 3A). The dashed line represents fitted
Gaussian curves, for semi-automatic and automatic methods a multi-peak fit was used to exclude the non-fenestration objects (thin line Gaussian curve). The total
number of fenestrations measured — 8 100 from 20 images/cells for manual measurement and 16 000 from 20 images/cells for (semi-)automatic methods. Correlation
of single fenestration area (B) and diameter (C) between manual and automatic methods. A - intercept between fitted linear functions. Comparison of porosity (D)
and fenestration frequency (E) between manual and automatic methods. Each point represents a single image (see Fig. 3B), total number of images — 18. (F) the
relation between frequency and porosity measured using different methods.

comparison between treatment groups.

Fenestration frequency showed a weaker linear correlation than
porosity with R? = 0.63 and 0.81 for Ilastik and threshold respectively
(Fig. 6E). These results correlate with the detection of the small

fenestration-like objects shown as a second maximum on diameter dis-

tribution (Fig. 6A). Because of the small size of these structures, they do
not significantly affect porosity, but their number is significant
compared to detected fenestrations and this influences fenestration
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Table 3
Parameters of fenestrations measured by 3 different methods from SEM images.
Parameter Manual Semi- Automatic
automatic
Average 26,926 + 26,488 +
Area [nm?] 2140 26,818 + 443 3767
User comp. 1.25 4 12 0.10 + 1.8 3.45 4+ 22.6
[%]
Max Average [nm] 199 + 7 201 +1.8 200 + 13
diameter I[J;Sr comp. 0344525  0.03£086 079 +10.29
Min Average [nm] 168 +7 166 + 1.4 165 + 12
diameter '[";e]r comp. 0.46 + 6 0.03 +1 110+ 12
0
Average [nm] 184 + 7 184 + 1.4 182 + 13
Mean '['Lj:;r comp- 0.30 + 5.7 0.02 + 0.87 0.8 +10.9
0.849 + 0.830 +
Roundness Average 0.011 0.828 + 0.001 0.009
User comp. 0.000 £ 0.000 = 0.001 0.000 +
[%] 0.015 : ' 0.019

+8D; user comp. = comparison between users.

frequency. The above proposed approaches of removing these structures
may help to reduce the effect on fenestration frequency and enable
comparison between the groups if changes in frequency are expected to
be independent of porosity changes (for example changes in fenestration
diameter may compensate for the difference in fenestration number and
show no changes in porosity). The comparison between porosity and
fenestration frequency among the studied methods (Fig. 6F) shows a
good correlation for manual measurement due to the direct connection
between these parameters — the fenestrated area used to calculate
porosity is calculated from the number of fenestrations. The automatic
method shows a good linear correlation with R? of 0.93 while the semi-
automatic method presents R? of 0.74 which points to the influence of
detected fenestration-like objects in the calculation of fenestration
number.

3.4. User comparison

To compare the differences between users and study user bias, sets of
SIM and SEM images were analyzed by five researchers with different

A

Single fenestration area [10°nm?]

Mean fenestration diameter [nm]
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levels of imaging experience, from beginner to advanced user.

3.4.1. SEM

Firstly, 700 fenestrations from Iig. 3A were individually measured
(fenestration-by-fenestration) by five users using the three studied
methods and then the parameters were cross-correlated between all the
users. Next, mean values were calculated for every user and the average
was calculated for each method. Interestingly, the average values of
parameters were similar for all techniques (Table 3). However, differ-
ences between the users (Fig. 7) and SD values of the cross-correlation
show significant differences among the users. The biggest deviation is
observed with the automatic method; the cross-correlation parameter
for a single fenestration area was only 3.5 %, but the standard deviation
of over 20 % suggested significant differences between the users. One of
the main reasons for that may be the specificity of the machine learning
algorithm. Each user trained the software independently and small dif-
ferences can lead to different ways of detecting fenestrations. Every
fenestration on a SEM image has a visible, high contrast edge which can
be included or excluded from the detected area. Differences between the
calculated mean values of the diameter (Fig. 7B) for manual and auto-
matic methods are of about 6—7 nm which is similar to the pixel size of
this image - 6.5 nm. The semi-automatic method is intensity and contrast
based and therefore, less sensitive to user preferences about the fenes-
tration edge. Fenestrations are detected due to high contrast edges
characteristic for SEM images - steep edges give a higher signal
compared to a flat cell surface or substrate in the fenestration lumen.
This hypothesis was confirmed by merging binary images of detected
fenestration from automatic and semi-automatic methods showing rings
around the holes (see Supplementary information SI.3). Small differ-
ences in fenestration roundness among the users using the semi-
automatic method (Fig. 7C) also suggest that the shape of the detected
holes is the least biased by this method. A shift towards a more circular
shape (roundness value closer to 1) is observed for manual measure-
ments which (consistent with previous observations) confirms the in-
fluence of the assumption of circularity by the users.

3.4.2. SIM

Nine SIM images were analyzed independently by five users with the
three methods. Each image was then cross-correlated between all users
and (semi-)automatic methods were compared with manual counting.

C

Mean fenestration roundness
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Fig. 7. Comparison of analysis methods between the users. Each point represents one user and the mean value of the presented parameter calculated from 700

measured fenestrations from SEM image.
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Fig. 8. Comparison between users’ measurements of fenestrations number
using three different techniques for one of the analysed SIM images.

Table 4
Comparison of fenestration number between the users and analysis methods for
SIM images.

Change in fenestration number compared to manual counting [%)]

User Semi- Automatic Manual
automatic

I 10.1 +£13 10.2 +£12

I 185+9 8+11

I -7.4+15 —-5.9+11

v —-48 13 -11.5+12

A —-4.5+ 14 35+13

Cross correlation between users [%)] 1.9+ 9.5 33+12 017 +11

The mean value of fenestration number per image was similar among the
users (0.2-3.3 %), however, the difference between users within one
method was about 10—12 %. An example of one of the analyzed images
(Fig. 8) shows the differences between the users and methods. Manual
counting has the smallest variation while (semi-)automatic methods
present a wider range of calculated numbers. The main source of dif-
ferences between the users using (semi)automatic methods is the large
pixel size which causes the merging of fenestrations within one sieve
plate during segmentation. Lowering the threshold or retraining the
machine learning software leads to the presence of undetected fenes-
trations while the watershed function, used to split the merged holes,
leads to splitting single fenestrations which causes an elevated number
of detected objects (Table 4). The decision is made by each user and if it
is standardized, the error can be minimized.

3.5. Discussion

In this study we investigated the use of three methods for quantita-
tive analysis of LSEC images: manual measurement or counting of fen-
estrations, a semi-automatic threshold-based method and an automatic
machine learning-based method. All three techniques have their ad-
vantages and disadvantages, mainly time efficiency at the cost of accu-
racy. The manual method was, until recently, the standard way of
fenestration analysis due to the lack of proper software to semi-automate
or automate the process. It was considered to be the gold standard, but
the lack of scoring description prevents a proper comparison between
results from different studies. Recently, attempts to apply home-made
algorithms and machine learning have been reported (Di Martino
et al., 2018; Kong and Bobe, 2021; Li et al., 2020), but their application
requires a certain level of programming skills not available to every
researcher. Here we report two methods which can be easily applied to
experimental data where differences in fenestration diameter and/or

11
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number are expected.

The efficiency of each method depends mainly on the number of
samples which is directly correlated with the time needed for analysis.
This can be optimized in each study by designing experiments that
would give minimum but sufficient sets of data for statistical analyses.
The most time consuming is the manual method but the poor image
quality or high number of artifacts may prevent the use of other, faster
techniques. User comparison showed also that there is significant user
bias for manual measurements so all analyses should be performed by
one single user, ideally blind to the sample id. If there is a need for data
analysis to involve more than a single person, the threshold method
would introduce the smallest bias for fenestration size measurements.
Fenestration frequency and porosity show similar differences among the
users for all three methods so the choice can be based on to the quality of
the images.

The data from all three imaging techniques suggests that the preci-
sion of both (semi-)automatic methods is similar and linear correlation
allows us to use them for comparison of the parameters between
experimental groups. All experiments where changes in fenestration size
and/or number are expected can be analyzed using the semi-automatic
or automatic method. However, the porosity calculated from SEM im-
ages using the semi-automatic method may seem underestimated. The
comparison between the manual and semi-automatic methods shows a
linear correlation with a slope below 1, which indicates that some
fenestrated areas are not detected in the cells with higher porosity/
higher number of fenestrations

The machine learning software includes a batch processing feature
where, after training, tens or even hundreds of images can be auto-
matically analyzed. The only limitation is the computer processing
power which affects the speed. The main disadvantage of this approach
is the requirement of images with similar contrast and brightness. In
practice, each sample or group of samples may require adjustments for
these parameters, and depending on the number of samples, this may
reduce the time advantage over the semi-automatic method. Although,
the threshold-based approach requires manual adjustment of the cut-off
value for each image segmentation but still, the large number of fenes-
trations is analyzed for each manual step. It is a significant advantage
over the fully manual approach, where single manual step gives infor-
mation about only one fenestration.

For fenestration size measurements, both (semi-)automatic methods
showed a systematic error that needs to be taken into consideration. The
source of this error was identified and connected with the edge of the
fenestration detection, related to the pixel size of the image. For the
automatic method, the batch processing of all images using the same
trained algorithm would solve this problem. For manual and semi-
automatic methods inclusion/exclusion must be decided before the
analysis.

4. Conclusions

All three proposed methods can be applied for fenestration analyses,
but the best method should be selected based on the following criteria:
the available imaging technique, the achievable quality of the images,
the time for the analysis and the predicted outcome in measured

Table 5

Comparison of properties of the three methods of quantitative analysis.
Property Manual Semi-automatic Automatic
Speed -———— + ++
User bias —/+ + —/+
Accuracy - fenestration number ++ - +
Accuracy - porosity +/— + +
Accuracy - diameter -/ ++ }
Artifacts sensitive ++ —— —/+
Image quality sensitive ++ -— —/+
User friendly ++ ++ +
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parameters. The pros and cons of the three selected methods are listed in
Table 5.

We emphasize the need for small-scale pilot experiments to assess
both the best imaging technique as well as the predicted range of
changes in the LSEC morphology parameters. The time invested in the
analysis of preliminary results will lead to the best possible protocol for
further analysis. The combination of more than one analysis method can
also be beneficial, for example, the best accuracy of diameter mea-
surement was shown with the semi-automatic method while the number
of fenestrations is most precisely detected manually.

The main limiting factor — time - can be overcome by automation,
which is getting easier with the developments of new and more precise
software and ongoing advancements in the field of microscopy. The
results of this study show that the semi-automatic and automatic
methods can be a timesaving alternative for the standard manual
approach, but considerations of suitable methods are needed prior to
application.

The choice of the best analysis method has to be based on the quality
of every experimental data set. We suggest to first focus on obtaining the
best possible image quality, within reasonable imaging time. For the
fenestration size measurements, we recommend use of semi-automatic
or automatic method. Automatization allows measurement of thou-
sands of fenestrations at the same time compared to manual measure-
ment of tens of fenestrations; it provides a better statistical overview and
removes user bias manifesting as an increase in the roundness param-
eter. For the porosity and fenestration frequency measurements we
recommend the use of the automatic method as it is the most time
efficient simultaneously processing of many images. If the image quality
is poor, and artifacts do not allow the use of automatic methods, the
manual approach may be necessary. When using (semi-)automatic
methods we recommend using the manual method for small data sets as
a reference, especially if the changes in porosity or fenestration fre-
quency between the experimental groups are small.

The above strategies for scoring LSEC porosity using SEM, SIM and
AFM imaging can also be applied to other super resolution imaging
modalities applied to LSEC, e.g. dSTORM (Monkemoller et al., 2014;
Mao et al., 2019) or STED (Di Martino et al., 2018). These latter two
methods have the highest reported optical resolution, at 10—20 nm.
(Semi-)Automation of the LSEC porosity scoring process, in combination
with current and new developments in super-resolution imaging, will
accelerate the evaluation of LSECs in health, disease and aging, thus
aiding to development of therapies that reverse the effects on LSEC
defenestration, a key phenotypic feature in various diseases and ageing.
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SI1. Porosity calculation from fenestration diameter distribution and number of fenestrations:

Table S1. Fenestration diameter distribution data
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10 3 3 0.48 | 0.48 376.8
30 13 16 2.56 | 2.08 14695.2
50 34 50 8 5.44 106760
70 45 95 15.2 7.2 276948
90 61 | 156 | 2496 | 9.76 | 620589.6
110 | 78 | 234 | 37.44 | 12.48 | 1185412.8
130 | 80 | 314 | 50.24 | 12.8 1698112
150 | 90 | 404 | 64.64 | 144 2543400
170 | 82 | 486 | 77.76 | 13.12 | 2976468.8
190 | 59 | 545 | 87.2 | 9.44 | 2675154.4
210 | 29 | 574 | 9184 | 4.64 | 1606298.4
230 | 18 | 592 | 94.72 | 2.88 | 1195963.2
250 9 601 | 96.16 | 1.44 706500
270 7 608 | 97.28 | 1.12 | 640936.8
290 7 615 98.4 | 1.12 | 739407.2
310 3 618 | 98.88 | 0.48 | 362104.8
330 0 618 | 98.88 0 0
350 5 623 | 99.68 | 0.8 769300
370 0 623 | 99.68 0 0
390 2 625 100 | 0.32 | 382075.2
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Fig. S1. Distribution of fenestration diameter

Frequency is the percentage of fenestration with certain size, which can be used to calculate the total
area of fenestrations for each cell. For example, 14.4% of the fenestrations are in the range of 120-140

nm diameter (bin center 130).

Partial area is the total area of fenestrations of certain size, calculated using separately for each bin
and the sum of partial areas is the total area of fenestrations for selected cell.

Partial Area [nm?] = m «

; 2
(M) * Frequency[%] * 0,01  number of fenestration per cell

Total area of fenestrations [nm?] = Z Partial area [nm?]

400



Total area of fenestrations [nm?]
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i i Cell area [nm?] %]
Cell area [nm”2] Number of Total area of Porosity
fenestrations fenestration
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SI2. Semi-automatic method protocol

e Adjust scale
e Enchance contrast

£ YA c -l - 5
e Setthreshold using Huang algorithm, every fenestration should be filled and separated.
Apply —image is now binary (black and white)

R A T S P

e particles in Fiji set to selected size range (50-400 nm, 1 900 — 125 000 nm?,
roundness 0.4-1.0). Fill holes option can be use to ensure that whole fenestration area
is covered

e UseAnalyz



SI3. Difference in fenestration size for automatic methods

Fig. S2 Mask of fenestration detected by semi-automatic methods (white) and automatic/machine
learning method (red).

Difference in diameter distribution between automatic and semi-automatic methods are related to
the edge detection (Fig.52). This difference can be removed by retraining of machine learning software
or adjustment of threshold value in semi-automatic method.
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Abstract: (200 words) Xanthines such as caffeine and theobromine are among the most consumed
psychoactive stimulants in the world, either as natural components of coffee, tea and chocolate, or
as food additives. The present study assessed if xanthines affect liver sinusoidal endothelial cells
(LSEC). Cultured primary rat LSEC were challenged with xanthines at concentrations typically ob-
tained from normal consumption of xanthine-containing beverages, food or medicines; and at
higher concentrations below the in vitro toxic limit. The fenestrated morphology of LSEC were ex-
amined with scanning electron and structured illumination microscopy. All xanthine challenges
had no toxic effects on LSEC ultrastructure as judged by LSEC fenestration morphology, or function
as determined by endocytosis studies. All xanthines in high concentrations (150 pg/mL) increased
fenestration frequency but in physiologically relevant concentrations, only theobromine (8 ug/mL)
showed an effect. LSEC porosity was influenced only by high caffeine doses which also shifted fen-
estration distribution towards smaller holes. Moreover, we noted some responses varied signifi-
cantly between the individual rats. Differences between animal responses to the treatments were
noted. If these compounds induce similar changes in vivo, age-related reduction of LSEC porosity
can be targeted by oral treatment with theobromine or with other xanthines using targeted delivery.

Keywords: Coffee, caffeine, xanthines, liver, liver sinusoidal endothelial cell, fenestration

1. Introduction

Coffee is one of the most widely consumed beverages meaning that any potential
effects related to coffee intake will have significant global implications. Furthermore, most
people drink coffee daily due to its stimulating effects. The main active ingredient in cof-
fee — caffeine, can be found also in other beverages (tea, soft and energy drinks), food
(guarana berries, chocolate), dietary supplements or even painkillers [1]. Formulations
consisting of caffeine and either aspirin (a non-steroidal anti-inflammatory drug, NSAID)
or paracetamol, are effective treatments for headaches [2] and sore throats [3] and caffeine
has been shown to have an analgesic effect alone [4]. Many studies have investigated the
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associations between caffeine or coffee intake and health/diseases. Recently, the correla-
tion between increased coffee consumption and improved neurocognitive functioning pa-
rameters was elicited in patients infected with human immunodeficiency virus (HIV) and
hepatitis C virus (HCV) [5]. A different study showed that a sub-group of patients suffer-
ing from multiple sclerosis (MS) benefitted from additional coffee intake [6]. Interestingly,
in a meta-analysis of studies about the effects of caffeine on Parkinson’s disease (PD) caf-
feine appeared to both lower the rate of PD progression in patients suffering from the
disease as well as decrease the risk of developing PD in the healthy population [7]. On the
other hand, several studies have noted that an adjustment may be needed for an individ-
ual’s caffeine dosage in relation to their age, sex and health conditions to maximize the
positive and limit negative effects [8] [9].

f X' v 2z
Caffeine CH; CH; CH;
. /) Theobromine H CH; CH,
N Theophylline CH; CH, H
Paraxanthine CH; H CH;

" Z

Figure 1 Figure 1 Chemical structure of xanthines. Caffeine (1,3,7-trimethylxanthine) is metabolized
by demethylation in the liver to 3 main compounds: theobromine (3,7-dimethylxanthine),
theophylline (1,3-dimethylxanthine) and paraxanthine (1,7-dimethylxanthine) [10]

Caffeine is primarily metabolized in the liver to theobromine, theophylline and par-
axanthine (Figure 1). The demethylation process occurs in the hepatocytes via the cyto-
chrome P450 enzyme system [10]. Overall, more than 25 metabolites have been identified
in humans deriving from caffeine metabolism [11] [12], with paraxanthine accounting for
approximately 80% of the metabolites in the human liver [13][14]. In rats and mice, how-
ever, all three main metabolites of caffeine are present in similar amounts [15][16]. All the
aforementioned primary metabolites are pharmacologically active and their plasma con-
centration may exceed that of caffeine in some stages due to their respective rate of me-
tabolism and clearance [10], especially paraxanthine [16] [17].

The liver, the body’s largest internal organ, has the major role of detoxifying various
metabolites in the human body. Liver sinusoidal endothelial cells (LSEC), which are lo-
cated in hepatic sinusoids, play a fundamental role in maintaining the homeostasis and
metabolic integrity of the liver [18]. LSEC are the most effective scavengers of blood-borne
waste [19], regulate sinusoidal blood flow [20], trigger liver regeneration and contribute to
hepatic complications, such as liver fibrosis and liver metastasis [21][22][18]. The distinct
dynamic morphological features of LSEC — called fenestrations/fenestrae, enable bidirec-
tional size-based transfer between the blood and the underlying hepatocytes. Fenestrations
are non-diaphragmed nano-pores with diameters of 50-350 nm [23][24], and they are typ-
ically grouped in clusters called sieve plates [25][26]. The structural integrity of fenestra-
tions is vital for the maintenance of regular exchange between the liver and the blood,
and alterations in fenestrations can affect hepatocytes and liver function [26]. The regula-
tion of fenestration size and frequency is not yet fully understood, but some signaling
pathways have been shown to influence the formation of fenestrations [24]. For example,
sildenafil (the active constituent of Viagra) was shown to improve porosity in both young
and old mice [27], presumptively via regulation of intracellular cGMP levels (via nitric
oxide) and/or vascular endothelial growth factor (VEGEF)-related/(VEGF)-independent
pathways [28][29]. It should be noted however that other pathways may also be involved
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in the regulation of fenestration size and number (e.g. those mediated by calcium, regu-
lated by myosin light chain (MLC) [24] or by alpha/beta-adrenergic receptors among oth-
ers [30]).

Even though caffeine is primarily metabolized in hepatocytes, LSEC regulate trans-
portation between the plasma and hepatocytes. Fenestrations create a dynamic barrier
that can adapt to environmental conditions in a matter of seconds [31]. Caffeine intake is
generally considered to be safe in moderate amounts (< 400 mg /day) in healthy adults
[32][33], and with normal consumption the plasma concentrations are usually between 2-
10 pg/mL (approximately 10-50 pM), rarely exceeding this [34]. Toxic effects occur for
plasma concentrations of >40 pg/mL [34] [35]. The adverse effects of large doses of caffeine
have been noted from early times, and these include nervousness, anxiety, insomnia, ir-
regular heartbeats, excess stomach acid and heartburn [36]. However, it is important to
understand that the liver can be exposed to far greater concentrations of caffeine and re-
lated compounds because the uptake takes place in the gastrointestinal (GI) tract. All the
venous blood from the GI tract is collected into the portal vein, which then provides 75%
of the blood inflow to the liver. This is the first-pass effect whereby the initial local con-
centration in the liver can be much higher while systemic plasma concentrations of the
studied compound are lower [37].

The commercially available products rarely lead to toxic plasma concentrations of
xanthines. A single standard cup of black coffee can yield a peak plasma caffeine concen-
tration of about 2 pg/mL, while caffeine supplements can yield up to 10 pg/mL [38]. How-
ever, somewhat higher concentrations (8-20 pg/mL) are needed for the therapeutic effect
of the caffeine metabolite theophylline in controlling asthma in adult humans [39]{40].
Life-threatening effects were reported for the theophylline serum concentrations above 30
ug/mL [41]. Chocolate contains two methylated xanthine derivatives (caffeine and theo-
bromine), which may contribute to its reinforcing effects [42]. It was reported that 370 mg
theobromine from 82g chocolate (40-80g of dark chocolate or 110g of regular milk choco-
late, roughly the size of a chocolate bar) was rapidly absorbed in humans and produces a
plasma concentration of 8 pug/mL after 2 hours [43][44][45]. In humans, paraxanthine
plasma levels are usually higher than caffeine and can remain at a high level for a longer
time due to the slower clearance and ongoing metabolism of caffeine [17].

Although coffee, chocolate, and other caffeinated substances such as tea are widely
used all over the world, the effects of caffeine and its metabolites on LSEC have not been
investigated. Here, we study the influence of xanthines on rat LSEC in both physiologi-
cally achievable concentrations as well as in higher concentrations that can simulate the
first-pass effect.

2. Materials and Methods
2.1. Rat LSEC production and cell culture

Sprague Dawley male rats (Animal Resource Centre, Murdoch, Western Australia)
were kept under standard conditions and fed standard chow ad libitum (Glen Forrest,
Western Australia). The experimental protocols were approved by the ethics committee
of the Sydney Local Health District Animal Welfare Committee (Approval 2017/012A).
All experiments were performed in accordance with relevant approved guidelines and
regulations.

Rats (body weight 300-400 g, age 2-3 months) were anesthetized with a mixture of 10
mg/kg Xylazine (Bayer Health Care, California, USA) and 100 mg/kg ketamine (Ketalar,
Pfizer, New York,USA), and LSEC were isolated and purified as described Smedsred et
al. [46]. Several fractions of cells were frozen and prepared for each of the methodologies
as described previously [47].

Reagents included caffeine (Cat No. C0750; Sigma-Aldrich, Oslo, Norway), sildenafil
citrate (Cat No. PHR1807, Sigma-Aldrich, Oslo, Norway), theobromine (Cat No. T4500;
Sigma-Aldrich, Oslo, Norway), theophylline (Cat No. T1633; Sigma-Aldrich, Oslo, Nor-
way), and paraxanthine (Cat No. 6148; Sigma-Aldrich, Oslo, Norway). Fibronectin was
isolated from human plasma using GelatinSepharose 4B (Cat No. 17-0956-01, GE
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Healthcare, Sydney, Australia) according to the manufacturer’s instructions. All reagents
were dissolved in serum-free RPMI media (Sigma-Aldrich, Sydney, Australia/Oslo, Nor-
way). All experiments were performed in triplicate, using cells isolated from 3 different
rats. In vitro treatment of LSEC with caffeine was at 8 and 150 pig/mL. Metabolites of caf-
feine: theobromine (8 and 150 pg/mL), theophylline [40] (20 and 150 ug/mL), paraxanthine
(8 and 150 pg/mL) were applied at physiologically relevant and high concentrations in the
same manner as for caffeine. Sildenafil was used at 0.06 and 0.6 pg/mL concentrations,
based on previous studies [27][48], for the purpose of method validation.

2.2. Scanning electron microscopy (SEM)

For SEM preparation, cryopreserved rat LSEC were used, the thawing and culturing
protocols are described in our previous study [47]. Cells were plated on 0.2 mg/mL fibron-
ectin coated coverslips and cultured (37°C, 5% COz) for 3 h in serum-free RPMI-1640 (with
10,000 U/mL Penicillin, 10 mg/mL Streptomycin, 1:100) (Sigma-Aldrich, Sydney, Aus-
tralia) at a density of 0.2 x 10° cells/cm2. The LSEC were treated with various agents for 30
min to determine their effects on fenestrations, then fixed using McDowell’s solution (4 %
formaldehyde and 2.5 % glutaraldehyde in PHEM buffer pH 7.2) for 15 min and stored in
McDowell’s solution until preparation for SEM. After washes with PHEM, the coverslips
containing the cells were treated with freshly made 1% tannic acid in 0.15 mol/l PHEM
buffer for 1 hour, 1% OsOs in water for 1 hour, dehydrated in ethanol (30%, 60%, 90% for
5 minutes each, 5 times 100% ethanol for 4 minutes each), and incubated twice in hexame-
thyldisilazane for 2 minutes (Sigma-Aldrich, Oslo, Norway), before coating with 10-nm
gold/palladium alloys. Imaging and image analysis was performed blind to the sample
ID. Coded specimens were examined using a commercial SEM (Sigma HV0307, Zeiss) at
2KkV. Large fields of view (magnification of 1k) containing several/individual cells were
randomly acquired to determine cell culture condition and cell size, and high-resolution
SEM images of cell at magnification of 15k were selected blindly to assess fenestration
size.

Fenestration size, porosity and frequency were assessed in SEM images from each
cell culture selected from different areas. Open pores with diameters between 50-350 nm
were defined as fenestrations and holes larger than 350 nm as gaps. Porosity was defined
as the sum area of fenestrations per total area of the cell in the micrographs. Frequency
was denoted as the total number of fenestrations per sum area of the cell excluding the
sum area of gaps [49].

2.3. Structured illumination microscopy (SIM)

After fixation, the cells were stained with CellMask Green (1:1000 in phosphate buff-
ered saline (PBS)) for 10 minutes, washed 3 times in PBS and then mounted in Vectashield
antifade mounting medium (Vectro Laboratories, Burlingame, California) and imaged us-
ing a commercial super-resolving SIM (DeltaVision/OMXv4.0 BLAZE, GE Healthcare)
with a 60X 1.42NA oil-immersion objective (Olympus). 3D-5IM image stacks of 1 um were
acquired with a z-distance of 125 nm and with 15 raw images per plane (five phases, three
angles). Raw datasets were computationally reconstructed using SoftWoRx software (GE
Healthcare). The datasets were further analyzed using the pixel classification workflow in
the freely available machine learning image processing software Ilastik [51]. Fenestration
detection steps were described in our previous study [50], notably, the detected objects
with diameters below 50 nm and above 300 nm were excluded prior to binning for SIM
images.

2.4. Endocytosis and degradation assay.

For quantitative studies of endocytosis and degradation, fully confluent cultures of
cryopreserved rat LSEC (approx. 0.25-0.3 x 10¢ cells/cm?) established in 24-well culture
dishes coated with fibronectin, were pretreated with different agents for 30 minutes (at 37
°C, 5% COz), subsequently incubated in 0.2 mL serum-free RPMI containing 1% human
serum albumin and ~20000 cpm 25[-FSA for 2 h (total incubation time with drugs was 2.5
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h). Thereafter, the cell-associated and degraded FSA fractions were assayed as described
previously [50]. The radioactivity was measured using a Cobra II, Auto-Gamma detector
(Packard Instruments, Laborel, Oslo, Norway).

2.4. Data analysis and statistics

We selected image analysis methods according to our previous study [49]. Fenestra-
tion diameters were measured from SEM images using a threshold-based semi-automated
method. This approach allowed us to greatly improve both the number of analysed fen-
estrations as well as the precision of measurement. Mean fenestration diameters were cal-
culated from the single fenestration areas obtained from the segmented images (See sup-
plementary information Figure S2). Fenestration frequency was obtained from the manu-
ally counted fenestrations from each cell. This reduced the influence of any imaging arti-
facts including differences in image quality between the samples. Porosity was calculated
as a combination of both fenestration number and size distribution (details can be found
in the supplementary information of [49]).

All graphs were prepared using OriginPro software (OriginPro 2021, OriginLab
Corp., Northampton, Massachusetts) and image analysis was performed using the free,
open-source software Fiji/Image J [51]. Significance was assessed using a two-tailed stu-
dent T-Test for porosity and fenestration frequency parameters. Fenestration diameters
and endocytosis experimental data were analyzed with one-way ANOVA performed us-
ing the GraphPad Prism 8 (La Jolla, USA, www.graphpad.com), and the post hoc tests
were used with Dunnett’s multiple comparisons test for each treatment with control. The
results were considered significant if p<0.05 (*) or described as trends for p<0.1 (#).

3. Results and discussion
3.1. Endocytosis

LSEC are the main scavenger cells in the body, clearing various compounds from the

125_FSA endocytosis blood [18]. A well-established method for
120 ] ] Degraded validation of LSEC functional viability is a
Cel associated ; measurement of their endocytic capacity of
denatured or modified proteins such as for-
maldehyde-treated serum albumin (FSA)
[52]. To assess the possible toxic effects of
xanthines and sildenafil, we measured the
uptake and degradation of radiolabeled FSA.
The data show no significant effects on endo-
cytosis (Figure 2) except with a high (150
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150 pg/ml 0.6 pg/ml Evaluation of cell morphology on SEM im-

ages did not reveal any apparent morpholog-

Figure 2 5-FSA uptake in LSEC after ical disruptions characteristic for LSEC (Fig-
treatments with high doses of xanthines and ure 3) (indicated by e.g. large gaps >400 nm,
sildenafil. Incubation time with 5I-FSA - cell shrinkage or disrupted cell edges). The
2h. Bars indicate mean + SD, n = 3-4, *p<0.05 additional morphological assessment was

performed using structured illumination mi-
croscopy (SIM) (Figure 6). Nevertheless, this small decrease of degradation of FSA could
be related to the toxic effects of the compound, suggesting that a concentration of 150
pg/mL is just on the edge of the in vitro toxic dose of caffeine for LSEC.



Page 6 of 18

3.2. LSEC morphology

Figure 3 Representative scanning electron microscopy (SEM) images following xanthines and sildenafil
treatment of rat liver sinusoidal endothelial cell (LSEC) fenestration. Scale bar size: overview images 2 um,
inset 1 um. CA - caffeine, TB - theobromine, TP — theophylline, PA - paraxanthine, SIL —sildenafil. Indicated
concentrations are pg/ml.

A typical flat, well-spread morphology was observed in all samples, and cell culture
purity was assessed based on the presence of the unique morphological feature of LSEC —
fenestrations (Figure 3). SEM data with the analyzed number of cells as well as fenestration
diameter, porosity (i.e. percentage of the cell surface covered by fenestrations) and fre-
quency (i.e. the number of fenestrations per cell area) following various treatments are
summarized in Table 1. The fenestration diameter after different treatments remains
within the range of 179 to 203 nm, which is consistent with previously reported data [23]
[24]. Roughly 7200-69000 “holes” were analyzed for each treatment group to calculate fen-
estration diameters. Fenestration frequency and porosity were measured for 60 cells total
from 3 individual animals.

The cell morphology from different treatment groups was observed after 30 minutes
incubation. No drastic changes and signs of toxicity were noticed. Only the high dose (150
ug/mL) of theobromine showed possible early signs of toxicity in some cells — namely ir-
regular cell edges and shrinking.
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3.3. Quantitative effects on fenestrations

Table 1 Changes in the parameters describing LSEC fenestrated morphology. Meas-
urements were extracted from SEM images using semi-automatic (diameter) and
manual methods (frequency).

Treatment No. fenes- No. . . No.
. Diameter Porosity Frequency
Concen- trations cells cells
[nm] [%] [No./pum?]
Drug tration measured meas-
+SD +SD +SD
[ug/mL] ured
Control - 68829 157 190 + 51 7.50 £ 4.24 252 +1.33 51
Caffeine 8 7235 33 176 + 46* 7.04 £3.27 272+1.27 49
150 18844 34 179 + 53* 9.13 +3.91* 3.07 +1.38* 60
Theobromine 8 12771 20 185 + 48* 7.50+3.29 3.32+1.42% 55
150 7029 17 177 + 58* 7.65+3.48 3.15+1.43% 49
Theophylline 20 13496 27 188 +51* 8.15+3.36 261+1.14 54
150 20311 33 178 + 47* 8.97 + 3.45¢ 3.23+1.39* 60
Paraxanthine 8 15210 21 178 + 46* 8.61+3.71% 2.80+1.28 60
150 16766 36 190 +55 8.79 £ 4.27¢ 2.88 +1.40¢ 56
Sildenafil 0.06 13857 29 191 +52 7.56 +3.81 2.31+1.20 60
0.6 16443 33 180 + 56* 6.44 +3.36 2.45+1.23 60

SD - standard deviation. *p<0.05, #p<0.1.

Changes in fenestration size in combination with differences in fenestration number
may also influence the average cell porosity. Fenestration frequency is a parameter de-
scribing the number of fenestrations per cell which in combination with fenestration size
can be translated into porosity — the percentage of the cell area covered in fenestrations.
The diameter of fenestrations is responsible for (size-dependent) selectivity of passive
transport between the bloodstream and hepatocytes, while the number of fenestrations
per cell/area relates to the rate of liver filtration [53].

Some of the xanthines elicited changes in the fenestration frequency (Figure 4, Table
1): a significant increase was observed for the high doses (150 pug/mL) of caffeine and the-
ophylline and lower dose (8 ug/mL) of theobromine, (22%, 28% and 32%, respectively).
Also, high doses of theobromine and paraxanthine show increasing trends in fenestration
number. The less prominent effect of high versus low dose of theobromine may be a result
of early toxic effects suggested by the visual examination of the cell images - some cells
treated with the high dose showed signs of irregular cell edges or reduced cell area. The
trend after paraxanthine treatment may suggest that exposure to the drug longer than
used here 30 minutes, may improve LSEC morphology. In humans, paraxanthine is the
main metabolite of caffeine and its concentration in the plasma can reach higher values
than caffeine itself and remain at this high level for a prolonged period, up to a few hours
[17]. Our treatments of adult rat LSEC with 0.06 and 0.6 ug/ml sildenafil showed no sig-
nificant changes in fenestration frequency or porosity, whereas Hunt et al. [27] also re-
ported no changes after 0.6 pg/ml sildenafil treatment in young mice but increased poros-
ity in old mice. They also reported a decrease in fenestration diameter of about 10 nm in
mice after treatment with 0.3 pug/ml sildenafil, while in our study we observed similar
effects but with 0.6 pg/ml treatment of rat LSEC (Table 1). This suggests a dose and/or
species dependence of sildenafil which should be investigated further.

Even though we did not observe large changes in the mean fenestration diameters,
the porosity parameter shows the influence of the diameter distribution (Table 1). A sig-
nificant increase (22%) in porosity was observed only in the high dose of caffeine. The
high dose of caffeine did not affect the mean fenestration diameter, so the effect is visible
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Figure 4 Fenestration frequency and porosity of LSEC treated with xanthines and sildenafil. The
graphs present combined data from 3 studied animals, data from separate animals can be found in
figure S4. Each dot represents analyzed SEM image of a single cell. * p<0.05

in both parameters. On the other hand, the high dose of both theobromine and theophyl-
line caused a decrease in fenestration size which counteracted the influence of increased
fenestration number. In vivo, such an occurrence would suggest faster filtration of the
smaller molecules in the liver. For the sildenafil treatment, we observed a decrease in the
porosity in the 0.6 pg/ml dose due to the decrease in the fenestration size. This finding
correlates with the findings of Hunt et al. [27] where a similar effect was observed but for
0.3 pg/ml dose in young mice. Paraxanthine for both concentrations and high dose theo-
phylline treatments also showed an increasing trend in porosity.

To further understand the changes in fenestration diameter after the various treat-
ments, we studied the whole distribution of fenestration size, instead of just average val-
ues. We observed shifts in the diameter histograms, and to better visualize that data we
separated fenestrations into 3 size groups: small (S) - <100 nm, medium (M) — 100-200 nm,
large (L) - >200 nm. These groups can be related to the filtration of different molecules that
are metabolized by hepatocytes — HDL and LDL have a diameter below 100 nm, while
chylomicron remnants are usually above 100 nm in diameter [54]. Already in 1970, Wisse
pointed out that fenestration size may play a role in liver filtration [20] and later in 1995,
Fraser et al. [55] proposed the barrier function of LSEC that is chylomicron remnant clear-
ance, namely that LSEC fenestration diameter dictates which chylomicron remnants can
be removed from the circulation. Changes in the distribution of fenestrations between
those groups relative to control can be found in Figure 5.

We observed a decrease in the large fenestrations after treatment with all xanthines
with the exception of the high paraxanthine dose. The high dose of theophylline and lower
dose of paraxanthine showed a 33% decrease in the number of large fenestrations. The
high dose of caffeine also was responsible for an almost 22% reduction in the large fenes-
tration number. The medium size fenestration fraction was increased by low doses of caf-
feine and paraxanthine and high dose of theophylline by 29%, 26% and 25%, respectively.
The remaining treatments show little to no effects in this size range. Interestingly, high
doses of caffeine and theobromine cause a large increase in the detectable number of small
fenestrations, of 48% and 95%, respectively. The high dose of paraxanthine also resulted
in a 23% increase in small fenestrations, but unlike caffeine or theobromine it had very
little impact on either medium or large pores. Sildenafil treatment showed an increase of
15% and 71% in small fenestrations for both low and high doses, respectively, with only
minimal effect on the number of medium and large pores.
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Changes in the distributions of fenestration diameter
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Figure 5 Fenestration distribution in LSEC treated with xanthines and sildenafil. The graph presents
the control group and theobromine (high concentration) treatement as an example (all histograms
can be found in supplementary materials (Figure S1). S (small)/M (medium)/L (large) represent the
fractions of fenestrations according to their size. Changes in the fenestration distribution are
presented in the table as relative to the control/untreated samples. Gaussian mean is calculated as a
center of Gaussian fit. The data was obtained from SEM images using semi-automated method.

The detailed analysis of the fenestration size distribution reveals some additional in-
formation about the changes in the liver sieve. To date, most studies reported changes in
fenestration size as just a difference in the mean value but a Gaussian-like distribution of
fenestration was confirmed in multiple studies [26][56][49]. Here, we show that the fenes-
tration distribution shape can remain as a Gaussian distribution with little to no changes
to the mean value while changes in specific fractions, reflected in the distribution width,
can be significant and have biological implications. For example, low dose paraxanthine
results in over 20% increase in <100 nm fenestrations with only 5% increase in medium-
size holes without a change in the mean fenestration value — 197 nm and 198 nm in control
and after treatment. Meanwhile, such a change in vivo can lead to increased availability of
VLDL, HDL and other small molecules to hepatocytes, therefore increasing filtration from
the bloodstream. On the other hand, a decrease in the large fenestration fraction (such as
after low doses of caffeine and paraxanthine or high dose of theophylline) can lead to
reduced filtration of some fractions of larger chylomicron remnants. Changes in transpor-
tation between plasma and hepatocytes can therefore have both positive and negative ef-
fects. Lower filtration can have a protective role against reducing the exposure of some
agents to hepatocytes, but it also can increase lipoprotein fractions in the blood which may
contribute to cardiovascular diseases. Wright et al. [57] showed that smaller liver fenes-
trations observed in rabbits can be a cause of their susceptibility to arteriosclerosis. This
theory is supported by the increase of fenestration size in rabbits reported after pantethine
treatment, which reduced their sensitivity to dietary cholesterol [58]. The chylomicron
remnants size varies from 100 to even 1000 nm, so the reduction in large or medium fen-
estrations could correspondingly affect/lower the filtration of certain fractions of chylomi-
crons containing different amounts of triglycerides and cholesterols.

To validate our findings, we also assessed the fenestrations with some treatments on
SIM (Figure 6, caffeine 150 pg/mL and theophylline 30 pg/mL are shown for comparison).
Similar to the SEM observations, LSECs featured numerous fenestrations which were clus-
tered as sieve plates. Further assessment of the diameter of fenestrations was conducted
in a machine learning assisted workflow, as was used in a previous study [48]. By com-
paring the mean fenestration diameter in our dehydrated SEM result with wet-fixed SIM
data, the latter resulted in a 15% smaller size for the control groups [59]. The SIM data
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confirmed the increase in fenestration frequency and changes in diameter distribution in-
duced by the high dose of caffeine and theophylline (Figure 6).

[Icontrol
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\ - Gaussian fit
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Figure 6 Maximum intensity z-projections of 3D-SIM images show fenestrations grouped in sieve
plates (inset) following treatments - A: Control; B: Theophylline (30 pg/mL); C: Caffeine (150
ug/mL); D: Fenestration size distribution after treatments. Mean diameter calculated from Gaussian
fits + HWHM: Control 169435 nm, theoplylline 159+43 nm, caffeine 148+35 nm. Scale bars: 2 pm

Though not as high resolution as SEM, the SIM technique gives a resolution double
that obtained via conventional light microscopy. The average diameter of fenestrations is
well discerned within the regular observed size range. For SIM, the samples can be stud-
ied while wet, thus avoiding the artifacts from dehydration required for SEM. 3D-SIM
was used in our study to image fenestrations in fixed rat LSECs in Vectashield mounted
samples. Importantly, a limitation of the linear SIM is that only fenestrations with a diam-
eter around 100 nm or more are resolved. As mentioned above, by comparing the results
of the control group from both methods, the mean fenestration diameter was larger in
SEM processed samples, which might be due to the dehydration step during SEM prepa-
ration. Notably, due to the resolution limit of SIM being around 100 nm, the diameter
analyzed from SIM images was of the same magnitude (Figure 6D). Furthermore, the anal-
ysis of porosity of SIM images at such magnitude is not as accurate when compared with
SEM results.

3.4. Individual animal differences

To further analyze the effects of xanthines and sildenafil on LSEC morphology, we
investigated the influence on individual animals (bio-replicates). The data from each in-
dividual animal is presented in Figure 7. For some treatments, significant changes among
the bio-replicates were found for both fenestration frequency and porosity. Primary LSEC
morphology can be studied only for a short time after isolation, so small but non-signifi-
cant differences between the untreated control groups are the norm. Overall, the individ-
ual differences tend to be dose-related i.e. the more significant differences among bio-
replicates were observed in the high dose versus the low dose groups. For instance, caf-
feine and theophylline in low doses did not show differences between individuals
whereas high doses of these elicited significant changes. Notably, cells from rats II and III
responded more to both treatments (150 ug/mL caffeine and theophylline) than rat I, even
when taking into consideration of the difference in control samples. The low dose of the-
obromine also revealed that rat IIl showed a higher increase in fenestration frequency than
other rats. 150 ug/mL paraxanthine treatment resulted in an increase in both porosity and
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Fenestration frequency [fen. no./pm?]

Porosity [%]

fenestration frequency in rat II but not in rats I and III. Interestingly, both sildenafil treat-
ments affected cells from animal I rather more than animals II and III which is even more
significant when considering the low control values for the animal. These individual dif-
ferences are not apparent when data from all animals are pooled together.
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Figure 7 Individual differences in fenestration frequency and porosity between the studied animals
after treatments. Each dot represents the analyzed image of a single cell. Indicated significance is
within the treatment group * p<0.05, ** p<0.01

In this study, we used cells isolated from male Sprague Dawley rats, which is one of
the most widely used outbred rat stock. Even though the animals are nearly identical, a
recent study of the whole genotypes obtained from these rats, even when from the same
breeding facility, showed differences between animals [60]. This may account, at least in
part, for the different responses to xanthines observed on LSEC. Further to this, caffeine
is metabolized in hepatocytes mainly by the CYP1A2 enzyme and the coding gene of this
enzyme varies between humans [61]. The differences in this gene cause the differences in
the caffeine metabolism which affects clearance time and therefore results in the different
total stimulating effects of caffeine. Another study conducted on twins subjected to oral
caffeine intake showed that although genetic factors play the main role in differences in
caffeine metabolism, environmental factors also can influence the activity of the CYP1A2
enzyme ¢. In humans, this phenomenon manifests as different sensitivity to coffee/caf-
feine.

3.5. Translational relevance

Even though LSEC do not express CYP1A2 [62] nor metabolize caffeine per se, here
we show that xanthines can affect their morphology. The exact mechanism is not known
but there are several receptors and pathways present in LSEC that can be influenced.
Based on our extensive review of mechanisms behind the structure and functioning of
LSEC fenestration, some possible mechanisms of action can be proposed [24]. For exam-
ple, changes in intracellular cGMP are associated with fenestration regulation [27] and
c¢GMP levels are mainly controlled by various phosphodiesterases (PDE) as well as ABC
transporters, whereas both caffeine and theophylline are non-specific PDE inhibitors
[63][64]. Caffeine and paraxanthine can also act through nonselective antagonizing of
adenosine receptors [65], which could influence fenestrations via reduction of cAMP. This
mechanism has not been confirmed in LSEC yet, however, the effects of adenosine recep-
tors in the liver are currently under investigation [66].
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Daily consumption of 40-80 g of dark chocolate or 110 g of regular milk chocolate
yields a plasma theobromine concentration of 4-8 ug/mL in humans, which is within the
region that elicits increased porosity in rat LSEC in vitro. Our study demonstrated theo-
bromine, in physiologically relevant concentration, may increase the fenestrations fre-
quency in LSEC, which may further affect hepatocyte metabolism and xenobiotic detoxi-
fication. If the results in this study translate to the in vivo context, the theobromine induced
increase in fenestration number could improve liver function by enhancing the bi-direc-
tional exchange of substrates between the plasma and the hepatocytes, for example in the
elderly who have reduced LSEC porosity. On the other hand, due to fenestration loss as-
sociated with ageing, some hepatocyte-targeting drug dosages should be adjusted for el-
derly people [67]. The otherwise positive effect or re-fenestration (induced reappearance
of fenestrations) after xanthine treatment could lead to toxic effects due to the sudden
increase of drug levels to which hepatocytes are exposed. This effect may be even more
relevant for the people taking multiple drugs at the time as polypharmacy (daily intake
of 5 or more drugs) is steadily increasing in recent years [68].

The positive effects of high doses of caffeine and theophylline are however harder to
translate into useful intervention for the benefit of liver health as this concentration (150
ug/mL) is within the toxic range for those compounds. Recent studies have suggested the
high plasma concentration needed for effect can be avoided if therapies are directly deliv-
ered to LSECs via nanoparticles and may result in similar in vivo effects as observed in
vitro [69][70]. Further studies are clearly required to determine if xanthines affect fenes-
trations in vive. Previous studies investigated the possibility of using rates of caffeine
clearance as a guide to deteriorating liver function in cirrhosis. The results could be ex-
plained by the effect on LSEC fenestrations as the caffeine clearance did not correlate with
conventional liver function tests [37]. These findings suggest that the development of the
new tests of hepatic function should take into consideration also possible effects of the
agents on the LSEC barrier, and not only hepatocyte metabolism.

4, Conclusions

In conclusion, we have shown in vitro xanthine treatments with caffeine, theobro-
mine, theophylline and paraxanthine elicit changes in fenestration size, porosity and fre-
quency in rat LSEC. Caffeine and theophylline in high doses increase fenestration fre-
quency and the number of smaller-sized fenestrations in LSEC. A high dose of caffeine
has an inhibitory impact on the uptake of soluble macromolecules. Theobromine at a
physiologically relevant dose also increases fenestration frequency in rat LSEC. Although
similar findings remain to be confirmed in vivo, if theobromine elicits these effects in ani-
mal studies, it might prove to be a useful (and simple) intervention (via chocolate) to im-
prove LSEC porosity in elderly people. Concomitant to this, caffeine and theophylline
could be used for the improvement of LSEC fenestration number; however, a drug deliv-
ery system targeting LSEC would be required to avoid systemic side effects.
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Supplementary information

S1. Fenestration size distributions
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Figure S1. Distribution of fenestration size after treatments in comparison with the control/untreated samples
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S2. Image analysis data

Figure S2. Examples of the images used for measurement of fenestration diameters. The top part is a raw
SEM(left)/SIM(right) image, bottom part presents the binary mask used for quantitative analysis, and the middle part

shows the overlay used to identify fenestrations.












