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Non semper ea sunt quae videntur.

Phaedrus

"Things are not always what they seem; the
first appearance deceives many. The
intelligence of a few perceives what has
been carefully hidden."

Roman poet — Phaedrus
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SUMMARY

The endothelium makes up the innermost cell layer of blood vessels. It consists of a thin
layer of simple squamous cells, forming an interface between circulating blood and the
surrounding tissue. Endothelial cells of different vascular beds are specialized according
to tissue-specific functions. For this project emphasis was placed upon high-resolution
methods enabling the study of liver sinusoidal endothelial cells (LSECs) below the
diffraction limit of visible light (~200 nm). LSECs have unusual morphology with as
much of 20% of their surface covered with cellular fenestrations - holes through the cells
of 50-300 nm diameter. These allow bi-directional flow of plasma from the sinusoids to
the surrounding hepatocytes, while retaining blood cells in the sinusoidal lumen. Little is
known about the function of fenestrations, their regulation, and their role in the transfer
of metabolites, viruses, lipoproteins and pharmaceuticals to other cells of the liver.

There are two major challenges with the study of LSEC fenestrations; i) the majority have
diameters smaller than the diffraction limit of visible light and; ii) they disappear rapidly
in cultured LSEC, and there are no cell line alternatives that express fenestrations. To
address the first challenge, the project used classical super resolution imaging
technologies such as scanning electron microscopy, and two novel super-resolution
optical microscopy modalities: dSTORM (direct stochastic optical reconstruction
microscopy) and SIM (structured illumination microscopy) to study the in vitro effects of
xanthines, sildenafil and oxidized LDL on LSEC fenestrations. One of the xanthines,
theobromine, and sildenafil increased both the frequency and diameter of fenestrations in
cultured LSEC. While oxidized LDL caused major disruptions in LSEC fenestration
morphology. Finally, to address the second challenge, namely the rapid loss of
fenestrations in LSEC, a cryopreservation method for freshly isolated LSEC was
developed such that they can be used at researchers’ convenience, rather than directly
after isolation from live
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INTRODCUTION
1 The Liver

The liver is the largest (2-3% of average body weight) organ in the body. It is highly
vascularized and at rest, it receives up to 25% of total cardiac output every minute -
arterial and portal blood mix within the hepatic sinusoids before draining into the
systemic circulation (37). The circulation system connects the liver via two large blood
vessels: the hepatic artery and portal vein. The hepatic artery carries oxygen-rich blood
from the aorta, while the portal vein carries nutrient-rich blood from the entire
gastrointestinal tract, the spleen and pancreas. Blood vessels in the liver subdivide into
small capillaries known as liver sinusoids, that lead to a “hepatic lobule”.

1.1 Hepatic Triad

The lobules of the liver are small and approximately hexagonal divisions of the liver,
defined at the microscopic/histological scale. A hepatic lobule is a building unit of the
liver tissue, consisting of a portal triad, with hepatocytes as the parenchymal cells (PCs)
arranged in linear cords between a capillary network, and a central vein (Fig.1). Liver
sinusoids (capillaries) are lined in between the hepatocyte sheets, and blood from the
hepatic portal vein and hepatic artery enters through the portal triads, and then drains to
the central vein (Fig. 2) (258). In the liver lobule, as the metabolic zonation of liver tissue
(Fig. 1), hepatic cells differ structurally and functionally from one zone to another (203,
385). Regions up to 100 um in diameter around the portal triads were considered as part
of the periportal zone, and regions up to 100 um in diameter around the central veins were
regarded as the centrilobular/perivenous/pericentral zone (349, 441).
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1.2 Liver Sinusoids

The liver sinusoids (~5-10 pm in diameter) are the home of nonparenchymal cells (NPCs)
(Fig. 2) (250, 452, 463). ~70% of liver sinusoidal endothelial cells (LSECs, highly
perforated endothelial cells) as endothelial cells line the wall of the sinusoids with 20%
of Kupfter cells (KCs, liver resident macrophages) located mostly on the luminal side of
the LSECs (Fig. 2) (458-460). The LSECs separate the blood from the perisinusoidal
space (i.e. space of Disse) and nearby sheets of hepatocytes. Located in the space of Disse
are the other NPCs: approximately 10% of stellate cells (SCs, pericytes of the sinusoids)
and <1% of natural killer cells (NK, also called pit cells or liver associated lymphocytes)
(209, 391, 448, 464). The microvilli of hepatocytes project into this space and
considerably increase the surface of the hepatocytes (282). The number of sinusoidal
NPCs accounts for 30-35% of the total number of liver cells by counting nuclei, however,
they comprise only around 6% of the total liver volume (36). Together with NPCs,
sinusoids function as a physical and selective barrier between the blood and the
hepatocytes.

e el -

PortalVem-» Sinusoid 5 l \Fenest{ﬁ i‘i ->Central Vein
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Fig. 2 Schematic view of the microanatomy of the liver sinusoids and its main cell types

2 Liver Sinusoidal Endothelial Cells (LSECs)

Morphologically, individual LSEC is flat cells (0.3 um at the periphery, <5 um at the
center) (109, 387, 457, 460) with a smooth surface (no cytoplasmic projections such as
filopodia or lamellipodia or microvilli) (332). LSEC possesses a great number of unique
characteristics (54, 462). The most prominent characteristic of LSECs is that they are
perforated with a large number of non-diaphragmed pores with diameters of 50-300 nm
(183), called fenestrations or fenestrae (Latin for “window”; singular, fenestra-is any
small opening or pore used as a term in biological sciences), it accounts for 5-20% of the



surface of the LSEC. Fenestra diameter ranges depending on species, age, intralobular
location, as well as methods of visualization (54, 224, 317,462, 463). Fenestrae are either
scattered alone across the endothelial surface or clustered into groups of tens to hundreds.
Multiple fenestrae grouped in clusters form ‘sieve plates’ (460, 462). They function as a
dynamic biofilter, which allows the bidirectional transport (according to the size) of
substrates between the blood and the hepatocytes. LSECs are responsible for the efficient
clearance of macromolecules and small particles from blood, e.g. metabolites,
pharmaceutical drugs, oxidized lipoproteins, and small viruses via direct scavenging or
filtration of the plasma through (135, 383, 394, 395), i.e. only particles smaller than the
fenestrae can reach the hepatocytes or leave the space of Disse.

Taking lipoproteins as an example, Fraser et al. showed that fenestrae allow chylomicron
remnants (diameter: 30-80 nm) produced from dietary fat to enter the space of Disse for
further metabolism by hepatocytes, while obstructing the passage of larger chylomicrons,
triglyceride-rich lipoproteins (diameter: 200-1000 nm) (120, 126). Likewise, very low-
density lipoproteins (VLDL, up to 90 nm in diameter) secreted from hepatocytes into the
space of Disse, are able to pass through the endothelial filter to the bloodstream. These
suggest the filtering function of the liver sieve (fenestrae) is of great importance in the
metabolism of triglyceride-rich lipoproteins (126, 172, 223).

Endocytosis is a process whereby cells bring extracellular material and plasma membrane
into the cell interior, i.e. a coat protein (commonly clathrin) on the cytoplasmic side of
the plasma membrane, polymerizes a coat that draws the membrane with it into a vesicle.
Frequently, the endocytosis occurs when a ligand (e.g. a nutrient molecule with a carrier
protein or an attacking virus with endocytic fate) binds to an extracellular receptor
molecule, leading to the formation of a clathrin-assembled/coated vesicle. In more detail,
the ligand can vary from a broad range of exogenous sources such as bacteria, yeast,
viruses; or modified endogenous sources (oxidized lipoprotein, advanced glycation end-
products). Blood borne waste substances are taken by hepatic KCs and LSECs, which
complementarily constitute the largest scavenger cell system in mammals, i.e. particles
above 200 nm in diameter are phagocytosed KCs; materials roughly <200 nm, are
endocytosed via clathrin-mediated (nonphagocytic) clearance in LSECs (377).

Compared to other endothelial cells, the high endocytic capacity is a key functional
feature of LSECs. LSECs present with numerous endocytic vesicles, and show efficient
clathrin-mediated endocytosis through particular endocytosis receptors, making them the
most effective scavengers (specialized clearance) to clear blood-borne waste
macromolecules and nanoparticles in the body (394). Together with the presence of
fenestrae and absence of basal lamina, LSECs are unique and distinctive from any other
type of endothelial cell in the body.



2.1 Scavenger Function of LSECs

LSEC:s lining in the sinusoids, assist in clearing macromolecular waste in the mixed blood
from both hepatic portal vein (nutrient-rich) and hepatic artery (oxygen-rich) and regulate
hepatic vascularity (332, 395). The role as a scavenger cell for LSEC is a relatively novel
finding, it was not until the discovery of LSECs as the major site for clearance of blood-
borne hyaluronan (a connective tissue polysaccharide), thereafter the physiological
significance of LSECs as scavenger cells was established (390, 392). Other physiological
and pathophysiological macromolecules were then found to be cleared by the LSEC
(391). Today, LSEC is considered to play a vital role in the clearance of blood-borne
waste (macromolecules and nanoparticles). A variety of substances are scavenged by
LSECs including extracellular matrix proteins and polysaccharides (391, 394), oxidized
lipo-/proteins (233, 388, 409, 430), oligonucleotides (261), virus (adenovirus) (135) and
virus-like particles (BK-&JC-polyomavirus-like) (324, 383). Compared to KC or
hepatocytes, in LSECs, clathrin protein is more highly expressed, and almost twice the
number of clathrin-coated pits are packed in the plasma membrane (208). Thus, clathrin-
mediated endocytosis is predominant in LSECs (155). Furthermore, to fulfill their
scavenger role in clearing wastes, LSECs are well equipped with specific receptors for
endocytosis.

2.1.1 Scavenger Receptors (SRs)

Scavenger receptors (SRs) are cell surface receptors (protein receptor) that bind to the
aforementioned ligands and promote the removal of the target (non-/altered-self). In
2017, the latest definition of the various groups of mammalian SR was categorized into
11 different classes (SR-A to SR-L, except for SR-C that is currently only found in
Drosophila/fruit fly (215), based on their structure and function (342). Initially,
systematic attempts subdivided SR into ‘classes’ (A, B...) based on their sequences, and
each class was subdivided further into ‘types’ based on additional variations in the
sequences caused by alternative splicing (gene expression that results in a single gene
coding for multiple proteins) (215). Accordingly, LSECs are reported to express SR class
A,B,E,HandL,i.e. SR-A1/1.1,SR-B1/1.1&B2, SR-E1&E3, SR-H1&H2 and SR-L (93,
186, 332, 340, 394). The SRs and FcyRIIb2 constitute the main waste-clearing receptors
on LSEC (394).

SR-A1/1.1

SR-A1, also known as macrophage scavenger receptor 1 (MSR1), designated CD204
(cluster of differentiation 204). SR-A1l.1 was known as SR-AIl, is featured with a
shortened C terminal tail, a splice variant form of SR-A1(357). To avoid confusion with
the current SR-AII, no receptor is designated as SR-A2 after the 2017 scavenger receptor
nomenclature (342). SR-A1/1.1 are both reported to be present on LSECs (186).
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SR-A1/1.1 recognizes diverse macromolecules such as modified LDL such as acetylated
LDL (acLDL) and oxidized LDL (oxLDL), but not native LDL (212, 217, 357, 408).
Apart from that, this receptor binds to beta amyloid (main peptides found in the brains of
people with Alzheimer's disease) (129), and surface molecules of gram-positive/negative
bacteria such as lipopolysaccharide (LPS) (91, 152).

SR-A expression is predominantly expressed in macrophages, monocytes, mast cells and
dendritic cells in mice and humans (190). Besides these, they are also present on vascular
smooth muscle cells and endothelial tissues (32, 186), Interestingly, the expression in
LSECs is weak under normal conditions, however, enhanced expression was reported
after malondialdehyde (MDA )-acetaldehyde serum albumin intravenous administration
(93). Furthermore, a rat study demonstrated the expression of SR-A on LSECs (301),
wherein the expression of SR-A was responsible for carrying out the uptake of acLDL in
the liver, and the authors further theorized about the role of the receptor in preventing the
accumulation of cholesterol under normal condition. Moreover, studies have shown that
in atherosclerotic lesions with an accumulation of oxLDL (an SR-A ligand), the
expression of SR-A was elevated, further suggesting that it has a role in atherogenesis
(173, 270). However, in the late 90s, studies reported negligible effect on liver uptake and
degradation of serum acLLDL (238, 430), suggesting that SR-A receptor may be of minor
importance for plasma clearance of these ligands (154).

SR-B1/1.1&B2

SR-B1 (also known as SR-BI) and SR-B1.1 (known as SR-BII) are two splice variants,
with identical cDNA sequences apart from the region encoding the C-terminal
cytoplasmic domain, which is different (454). Both are highly expressed in the liver,
adrenal glands, duodenum, ovaries and testis ((3, 354). The expression of SR-B1 in
LSECs was demonstrated by Malerod, et al. (254) and Ganesan, et al. (134). The crucial
involvement of upregulated SR-B1 in non-alcoholic fatty liver disease (NAFLD)
pathogenesis was suggested in the livers from mice fed with high-fat diets when
compared to control mice (345). SR-B1 binds to high-density lipoprotein (HDL), oxLDL,
apoptotic cells, unmodified LDL and VLDL (3, 214, 438). Additionally, SR-B1 was
shown to have a protective effect on atherosclerosis development (57, 76).

SR-B2 (CD36) is the prototype class B type SR (13). It is one of the most widely
investigated SRs, expressed on adipocytes, capillary endothelial cells, heart and skeletal
muscles and platelets (2, 111, 145, 413, 414), as well as on LSECs in the liver. However,
the expression of SR-B2 in LSEC vary among species, e.g. very low expression in male
Sprag Dawley rat LSECs (233)(Bhandari et al. BMC accepted), highly expressed in
human LSEC (406). SR-B2 is involved in the metabolism of lipoprotein such as oxLDL
in cardiovascular disease (112, 198). Akin to SR-B1, SR-B2 also binds to HDL, LDL,
VLDL, apoptotic cells, and collagen (62, 366, 414).



SR-E1&E3

SR-E1 (LOX-1, lectin-type oxidized LDL receptor) is the class E SR with C-type lectin-
like domains and is expressed on vascular endothelial cells, platelets, smooth muscle
cells, adipocytes, and macrophages (70, 367, 480). It was considered as the major
endothelial SR for oxLDL (binding, uptake and degradation). Apart from that, SR-E1
also recognizes apoptotic cells and gram-positive/negative bacteria (455, 482). SR-Elin
LSECs is expressed in low levels under normal conditions; while during various
pathophysiological events (i.e. cardiovascular disease and cancer), the expression is
increased (17, 319). Furthermore, a rat study demonstrated the SR-E1 expression in
LSECs was upregulated by aldehyde-modified proteins (93).

SR-E3 (MR/mannose receptor, CD206) is a member of the SR-E group and belongs to
the C-type lectin family. Traditionally, the receptor is associated with macrophages (263,
397). Nevertheless, SR-E3 is also expressed in other cell types, including sinusoidal
endothelial cells of the liver (LSECs), spleen and lymph node (237, 252, 259, 265);
glomerular mesangial cells of kidney (236). Studies from mice, rats, pigs and humans,
showed that LSECs highly express SR-E3 (96, 97, 237, 252, 255, 259). And the receptor
is considered as an important LSEC endocytosis receptor (394), which also mediates
uptake of a wide range of endogenous glycoproteins and microbial glycans, and is further
proposed to play a role in immunity and glycoprotein homeostasis (225, 391, 397). The
broad ligand specificity of SR-E3 is due to the following reasons: as a pattern recognition
receptor, the amino-terminal extracellular region of SR-E3 has three distinct domains
binding to its specific ligands: i.e. (outer) the cysteine-rich (amino-terminal) domain
binds specific sulfated sugars (116); the fibronectin type-II repeat domain binds to
collagen (264, 305); the eight adjoining carbohydrate recognition domains (also called C-
type lectin-like domains) bind to glycoproteins and glycolipids, which have terminal D-
mannose, L-fucose, and/or N-acetyl-D-glucosamine residues (106, 421). Apart from these
specific binding ligands, SR-E3 also binds to numerous endogenous ligands, such as a
lysosomal enzyme (96, 396), and tissue plasminogen activator (tPA, a protein involved
in the breakdown of blood clots) (387). Furthermore, soluble ligands for this receptor
have been shown to distribute rapidly and predominantly to LSECs [reviewed in
Smedsrod (386), Sorensen, et al. (394), Sorensen, et al. (395)]. SR-E3 expressed on
LSECs clear denatured collagen (255), which may prevent the onset of pseudo-
capillarization or fibrosis (6). The receptor also benefits LSECs in maintaining high
lysosomal degradation capacity, such as for the degradation of formaldehyde treated
serum albumin (FSA) (96).

SR-HI&H?2

The current known members in SR class H are: SR-H1 (stabilin-1/FEEL-1: fasciclin,
Epidermal growth factor (EGF)-like, laminin-type EGF-like, link domain-containing
scavenger receptor-1 or CLEVER-1: common lymphatic endothelial and vascular
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endothelial receptor-1) and SR-H2 (stabilin-2/FEEL-2 HARE: hyaluronan receptor for
endocytosis). Primarily, SR-H1 is expressed in two cell types: alternatively-activated
macrophages in mammals (340) and sinusoidal endothelial cells of bone marrow, spleen,
lymph nodes and liver (141, 259). In contrast, SR-H2 is not detected in macrophages, but
otherwise demonstrates the same cell and tissue expression as SR-H1 (110, 340). Both
have similar size and structure (41% homology), are considered as the primary SRs of
LSECs, involved in the binding, uptake and degradation of various ligands (e.g.
hyaluronan and AGEs: advanced glycation end-products) (232, 281), as well as mediating
the uptake and degradation of oxLDL and FSA in LSEC (233). An SR-H1&2 double-
knockout mice study demonstrated mild liver fibrosis and severe kidney pathology,
indicating SR-Hs are pivotal for the removal of compounds toxic to the kidney (370).

Though two receptors have mostly similar ligand profile, SR-H1 has no affinity for
hyaluronan (340, 344), but binds SPARC (secreted protein acidic and rich in cysteine,
known as osteonectin or basement-membrane protein 40, involved in development and
tissue remodeling); in contrast, SR-H-2 binds hyaluronan but not SPARC (221, 394).
Furthermore, they have different intracellular distribution patterns. In mature LSECs, SR-
H2 is expressed throughout the cell including the cell surface, while SR-H1 has primarily
intracellular distribution (394). Interestingly, SR-H2 is expressed in all liver vascular
endothelia during embryonic development, becoming only expressed on liver sinusoids
at embryonic day 19.5 in mice (481).

SR-L

SR-L1 (also known as LRP-1: low-density lipoprotein receptor-related protein 1, or
A2MR: ar-macroglobulin receptor; or CD91) is a cell surface receptor belonging to the
family of low-density lipoprotein receptors, which serves as the principal clearance
receptor for plasma cholesterol (166, 342). It is expressed in the liver, lung, brain,
intestine, and muscles, i.e. hepatocytes, neurons, activated astrocytes, and fibroblasts
(166, 456). It interacts/mediates endocytosis of abundant ligands, such as ApoE (proteins
involved in lipoprotein metabolism) (188), a receptor-associated protein (RAP) (343),
tPA (363), in addition to viruses, trypsin-activated a,-macroglobulin, cytokines, growth
factors and others (167). The expression of SR-L1 on LSEC was reported with
immunofluorescence in rats (322). SR-L1 reported in that study is associated with partial
hepatic clearance of RAP (5%) and trypsin-activated ar-macroglobulin (10%). The
occurrence of SR-L1 in LSEC may indicate the involvement of LSECs in the liver lipid
homeostasis and lipid filter functions (395).

2.1.2 FcyRlIb2

Apart from SRs, there are other endocytosis receptors in LSECs such as FcyRIIb2 (Fc
gamma-receptor [Ib2/CD32b), The Fc receptors are proteins found on the surface of
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certain cells (e.g. B lymphocytes, natural killer cells, macrophages, human platelets and
mast cells), which contributes to protect the immune system. The name is derived from
the specific binding Fc (fragment crystallizable) region for an antibody part. A Latin letter
is placed after the ‘Fc’ part of the name to identify the antibody binding type. The most
common class of antibody is immunoglobulin G (IgG), accordingly, the receptor is called
Fc-gamma receptors (FcyRs).

Hepatic FcyRs mediate clearance of circulating IgG complexes. This was previously
considered to be mediated via KCs only (117). Later, the LSEC FcyRIIb2 was found to
contribute to the removal of small soluble immune complexes (159, 201, 243, 384). In
mice, the liver accounts for 72% of the expression of FcyRIIb2 in the body, and 90% of
this is on LSECs (133). FcyRIIb2 is demonstrated to be the only FcyR in rat LSECs (297).
Therefore, the unique expression of FcyRIIb2 in rat and human LSEC can be used as a
biomarker to distinguish LSECs from other liver cell types (257).

2.1.3 Functional Biomarker for LSECs

As fenestration is the gold standard for ultrastructural LSEC-specific identity, the
functional biomarker for this cell is the specific and effective uptake/clearance of soluble
macromolecules via LSEC signature receptors (394). For instance, FSA is one of the most
studied markers in LSECs (84, 469). After intravenous administration of FSA, the ligand
distributes nearly exclusively in LSECs where it is internalized via SR-H1/2-medicated
endocytosis (35, 97, 233). In mouse liver, tail vein injections of fluorescein isothiocyanate
labeled FSA (FITC-FSA, ~2.5 ug/g body weight), resulted in abundant uptake in LSECs
(while negative in other liver vasculature) (383). AcLDL has been used as a functional
marker to identify LSECs in many studies. However, this ligand is recognized by most
SRs and endocytosed by endothelial cells in many other vascular beds (84).

Additionally, all macromolecule ligands for LSEC endocytosis receptors can be
considered as functional markers (395). Of note, use of the same compound intravenously
or in in vitro culture, can vary in dose and exposure time to identify cells (low dose and
short exposure times are advised for in vifro experiments). Furthermore, labeling
strategies by either using a fluorescent tag or a radioactive tracer, allows for visualization
and tracking of the internalized ligand and/or quantification of the uptake and degradation
(e.g. FITC) (395, 435).

2.2 Dynamic Changes of Fenestrae

Fenestrations are dynamic with respect to size and number. They alter in response to
pharmacological agents (11, 241, 427) and during certain disease states such as fibrosis,



there is a significant decrease in fenestration number (84, 183). Thus, the structural
integrity of fenestrae is considered to be vital for liver homeostasis, i.e. maintenance of a
regular exchange of fluids, solutes, particles and metabolites between the hepatocytes and
sinusoidal blood. The alteration of fenestrae can have an adverse influence on hepatocytes
and liver function (462). However, the exact mechanism by which hepatotoxins induce
defenestration remains to be elucidated.

The structure of fenestrae is supported by the LSEC actin and microtubule cytoskeleton.
Its diameter is speculated to be mediated by a Ca**-calmodulin actomyosin complex (52,
54, 318). In the past decades, a number of studies have shown that these dynamic
structures play a role in various physiological and pathological situations, such as
lipoprotein metabolism (126), hypoxia (130), bacterial endotoxic induction (87), cirrhosis
(295), fibrosis (122) and liver cancer (440). Also, whole mount electron microscopic
studies investigating the mechanism of response to hormones and cytoskeletal altering
drugs, showed alteration of calcium concentrations within LSECs also changed the
fenestrae diameter (318). In addition, the number of fenestrae changes by drugs
interfering with the cytoskeleton (401). Recently, Monkemoller, ez al. (293) demonstrated
the association between the cytoskeleton and the plasma membrane, supporting the
formation of fenestrations, using 3D structured illumination microscopy (3D-SIM) and
single-molecule localization microscopy.

2.3 Atherosclerosis

Atherosclerosis is a progressive, chronic inflammatory disease. It is characterized by
gradual thickening of the arterial wall to form an atherosclerotic plaque (fatty deposit),
which leads to severe narrowing or closure of blood flow, impeding the supply to different
organs. Ultimately, the progress may cause ischemic heart disease, strokes and peripheral
vascular disease, collectively known as cardiovascular disease (CVD) (211, 346).
Atherosclerosis contributes to the major mortality and morbidity of CVD in western
countries. The hallmark of early atherosclerosis is the lipid-laden cell (mainly
macrophages, also called foam cells) accumulation in the sub-endothelial area of the
arterial wall (245, 375). These foam cells in the atherosclerotic plaques stimulate
inflammatory responses, and vulnerable plaques may become unstable with a thin fibrous
cap, which may (abruptly) rupture, leading to thrombosis formation or blood clots, often
triggering a heart attack or stroke (140, 234, 245, 246).

Atherogenic lipoproteins such as excessive low-density lipoproteins (LDLs) in blood
plasma are transported from the vascular space into the arterial wall, mainly via
transcytosis (382). LDLs retained in the extracellular matrix of subendothelial space, are
further modified by oxidation or enzymatic activity and aggregation. The process also
enhances the recruitment and migration of monocytes into the subendothelial space (358).
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Furthermore, the modified LDLs increase the phagocytosis by monocytes-derived
macrophages in the atherosclerotic lesions (359). Uncontrolled uptake of such
lipoproteins by macrophages leads to the formation of foam cells (346). Elevated levels
of LDL in the circulation are directly associated with the development of atherosclerosis
(107, 108, 267, 268). Studies have suggested the important role of oxidative modification
of LDL in the development of these progressions, as non-modified LDL incubated with
macrophages do not appear to elicit abnormal cholesterol accumulation (143, 402, 403).

LSECs play a role in controlling the level of lipoproteins in circulation, defenestrated
LSECs impair hepatic uptake of lipoproteins, leading to hyperlipoproteinemia (lipid
disorder) (124). Similarly, the defenestration of LSECs is associated with the progression
of NAFLD. Therefore, the dysfunction of LSECs in the early stages of NAFLD might
indicate the severity of subsequent progression of NAFLD (291, 378).

2.3.1 Nitric Oxide & Reactive Oxygen Species (NO & ROS)

Endothelial cells secrete vasoactive chemicals involving vasodilators such as nitric oxide
(NO), which is a vital mediator in regulation of the smooth muscle tone and blood
pressure, platelet activation and vascular cell signaling (150). For example, NO binds to
soluble guanylate cyclase (GC, a NO-sensitive GC), inducing the formation of
intracellular cyclic guanosine monophosphate (cGMP) from guanosine triphosphate
(GTP), and increased levels of cGMP leading to smooth muscle relaxation (vasodilation).
Additionally, the NO-cGMP pathway also plays an important role in mediating blood
pressure (38).

Moreover, NO is also an important mediator in liver physiology and pathophysiology.
For instance, though the low flow rates are lower in liver sinusoids compared to other
capillary beds, LSECs respond to elevated shear stress, producing vasodilatory mediators,
such as NO that play a key role in regulating hepatic vascular blood pressure to maximize
time for fluid and solute exchange to happen (269, 339).

In mammals, three isoforms of nitric oxide synthases (NOSs) generate NO: neuronal NOS
(nNOS), inducible NOS (iNOS) and endothelial NOS (eNOS) (210). The oxidation of L-
arginine is catalyzed by NOS and produces NO and citrulline (189). In liver biology, the
role of nNOS is little known. And nNOS and iNOS are predominantly found in the
cytosol; whereas eNOS binds to the membrane on the cell. This is found mainly expressed
in LSEC as well as other endothelial cells (e.g. cells in the hepatic artery, portal vein,
central vein) (239). eNOS-derived NO sustains liver homeostasis and prevents
pathological conditions in the liver, whereas iNOS-derived NO acts as a pro-
inflammatory mediator, which is detrimental (194). In pathological conditions, iNOS
generates a large amount of NO that is the main source of reactive nitrogen species (RNS).
NO reacts with reactive oxygen species (ROS) to form RNS. ROS/RNS oxidatively
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damage biomolecules (e.g. lipids, proteins, and nucleic acids), rending them
dysfunctional and in the process causing cell damage and stress, mainly in hepatocytes,
as well as KCs and endothelial cells (7).

Oxidative stress is a term frequently used to indicate a condition where cells are exposed
to excessive levels of chemical-derived/molecular oxygen (213). A feature of oxidative
stress is increased levels of ROS, which has been reported pre-/clinically in many
cardiovascular diseases, such as diabetes, hypertension and atherosclerosis (63, 341, 381,
426,439). ROS are involved in the initiation and progression of the atherosclerotic plaque
and are generated by various cellular processes (56).

2.3.2 Oxidized Low-Density Lipoprotein (oxLDL)

LDL (density: 1.019-1.063 g/mL, commonly known by the misnomer as "bad
cholesterol", referring to its involvement in both heart/vascular disease in general) is one
of the five major groups of lipoproteins, namely chylomicrons/ultra low-density
lipoproteins (ULDL), very low-density lipoprotein (VLDL), intermediate-density
lipoprotein (IDL), low-density lipoprotein (LDL) and high-density lipoprotein (HDL)
based on the overall density naming convention. LDL is the main carrier for the delivery
of fat molecules (lipids, including cholesterol) in blood circulation via LDL receptor
mediated endocytosis to peripheral tissues (60). It can experience oxidation in the arterial
wall (during atherosclerosis) or in the plasma circulation (15, 180, 193, 331).

Structurally, LDL is a spherical particle (~21-27.5 nm in diameter and ~3 million Dalton
in mass) and contains a single apolipoprotein B-100 molecule (ApoB-100), which acts as
a ligand for LDL receptors, along with 80-100 additional ancillary proteins) (64, 348).
The hydrophobic core of the LDL particle consists of polyunsaturated fatty acid (PUFA,
i.e. linoleate) and thousands of esterified/ unesterified (free) cholesterol molecules, as
well as a triglyceride. This core is surrounded by a hydrophilic shell (monolayer) of
phospholipids and unesterified (free) cholesterol, the ApoB-100 is embedded in the
monolayer (103). LDL also carries lipophilic antioxidants such as a-tocopherol (a type of
vitamin E) and B-carotenoid (provitamin A) (169).

LDL can be oxidized by the major cells in the arterial wall such as endothelial cells,
macrophages and smooth muscle cells, as well as the cell enzyme systems: 15-
lipooxygenase, myeloperoxidase and NADPH-nicotinamide adenine dinucleotide
phosphate), or copper/iron in a cell-free system (200, 483). However, the oxLDL from a
cell-free system is not distinguishable from that of a cellular system in physicochemical
and biological comparison (103, 404, 405). Both the protein and lipid of LDL are
modified during the oxidative modification. Subsequently, the affinity of LDL for the
LDL receptor is reduced. Eventually, the molecule is turned into a ligand for SRs, which
is no longer recognized by the LDL receptor (217, 328, 405, 480).
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The oxidation initiates with the peroxidation of PUFA in LDL, its decomposition
generates reactive aldehydes such as MDA (a marker for oxidative stress), 4-
hydroxynonenal (HNE) and hexanal/hexanaldehyde. They can cross-link and react with
free amino groups of ApoB-100, gradually leading to an increased net negative surface
charge of the molecule and structural changes (200, 405, 465, 483). LDL particles become
aggregated as oxidation progresses (67, 233). The composition of LDL particles impacts
the level of oxidation in LDL, e.g. the amount of antioxidant/peroxide and free amino
groups of ApoB-100. Thus, oxidation of LDL can result in a wide variety of
heterogeneous LDL, which might be modified from various defined conditions or even
prepared via isolation from biological sources (103, 104). Moreover, the level of
oxidation in LDL particles influences the biological properties of oxLDL, i.e. the affinity
to macrophages affects the pathogenic properties of oxLDL. The variable effects of
oxLDL reported in the literature might thus partly be attributed to the heterogeneity of
LDL preparations from different laboratories (176, 204, 217).

The oxidation of LDL can occur and be present in the plasma of healthy individuals (15,
94, 180, 181, 193). Circulating oxLDL may exist in different forms, broadly categorized
into three classes based on their modification levels:

1) minimally modified LDL, a modified form of LDL that is prepared via long term
storage of LDL. This type of LDL is chemically different from the unmodified form
recognized by the LDL receptor but not by most of the known SRs (28, 230).

2) mildly oxLDL, a moderate oxidized form of LDL that is prepared with less extensive
oxidation (1.5-4 h incubation with copper ion).

3) heavily oxLLDL, a long-term extensively oxidized form of LDL (>12 h incubation with
copper ion), that induces a change in surface charge, i.e. increased net negative
charge/electrophoretic mobility, making it into a ligand recognized by SRs (217, 230,
328, 405).

Minimally modified LDL and mildly oxLLDL are reported to comprise the main types of
circulating oxLDL (4, 67, 179, 180). Heavily oxidized LDL is rarely found in the
circulation of healthy individuals but is predominantly detected in atherosclerotic lesions
(331, 479). The reason why blood borne heavily oxLLDL is normally indetectable might
be due to the presence of antioxidants in plasma (28, 416, 465), and its efficient uptake
by KC (resident liver macrophages) and LSECs (231, 238, 429). This is in contrast to the
slow blood clearance of mildly oxLDL, which is cleared from the circulation by uptake
in LSECs (233).

Mildly oxLDL has been suggested to be the precursor of heavily oxLDL in the intima
(innermost layer of an artery), it has pathogenic properties itself and is a physiological
pro-atherogenic molecule in the body (199, 453). However, the much slower uptake of
intravenously injected mildly oxLDL than heavily oxLDL (327), as well as its longer
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retention in circulation, may be sufficient to allow it to enter and accumulate in the arterial
intima (4). Therefore, oxLDL plays a key role in the development of atherosclerosis, and
is also associated with the aging process, development of Alzheimer’s disease and
diabetes (27, 59, 140, 205, 242, 375, 403, 404, 465).

2.4 Platelets

Platelets (thrombocytes from Greek, meaning ‘clot cell’) are cellular components of
blood derived from megakaryocytes of the bone marrow that enter the circulation(249).
Platelets were first studied for their role in hemostasis (stopping bleeding) and thrombosis
(blood clotting). Circulating unactivated platelets are lens-shaped structures (maximum
2-3 um in diameter) (196, 289, 334), while activated platelets cover their surface with
cell membrane projections. They primarily play a central role in hemostasis and liver
homeostasis. In addition, platelets also transport molecules associated with numerous
physiological processes, e.g. wound healing, immune responses, cell activation and
proliferation (10, 278, 314, 315, 338, 376, 445, 471). In 1996, platelets were first shown
to be beneficial for hepatocyte proliferation in rats undergoing partial liver resection
(partial hepatectomy: PH) (425). Liver regeneration in 70% PH rats was enhanced with
the administration of platelets via the portal vein, which was considered to be a promising
novel therapy for patients with PH by platelet-rich plasma transfusion (271).

Following liver injury or PH, LSECs play a key role in this complex process for liver
regeneration. The major changes in shear stress (frictional force of vessel lumen when
fluid ‘slide’ across the luminal surface) caused by resection are sensed by LSECs, which
proliferate and coordinate the interactive regeneration of different cell types (sinusoidal
progenitor cells, platelets and inflammatory cells.) (339). The platelets involved in this
process, which are trapped within the liver, interact with liver cells by initially adhering
to LSECs (170). Subsequently, activated platelets release granules or vesicles containing
chemotactic agents to attract more platelets to the site, but also contain molecules that
protect hepatic tissue and stimulate liver regeneration (288). For instance, the co-culture
of platelets and LSECs triggers platelets to secrete sphingosine l-phosphate (S1P,
lysosphingolipid, a bioactive lipid mediator), which induces LSEC proliferation and
prevents apoptosis (207, 312). Moreover, platelets activate/enhance LSECs to secrete
growth factors (e.g. interleukin-6 and vascular endothelial growth factor), which are
required for tissue regeneration (207, 288, 313). Finally, LSECs and hepatocytes can
internalize platelets (288, 339). Studies showed platelets accumulated in the liver
sinusoidal space, and large numbers of platelets were observed in the space of Disse and
inside some hepatocytes (99, 304, 321). A transmission electron microscopy (TEM)
photograph of a protruding platelet into Disse’s space through a pore in LSEC was
presented by Murata, et al. (300).
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Of note, the repair response to liver injury can result in regeneration or fibrosis depending
on whether the injury is acute or chronic. In acute liver injury, platelets predominantly
contribute to regeneration, whereas in chronic liver damage, platelets participate in
fibrogenesis and can actively block regeneration. Therefore, the role of platelets is
pleiotropic, and can be beneficial or deleterious to liver function in these processes
depending on the condition (68).

2.5 Drugs and Liver (fenestrae)

2.5.1 Caffeine and Its Metabolites

Caffeine (1,3,7-trimethylxanthine) is a xanthine alkaloid, and the related
methylxanthines: theobromine (3,7-dimethylxanthine) and theophylline (1,3-
dimethylxanthine), are widely distributed in plants all over the world. Coffee (Caffea
arabica), kola nuts (Cola acuminata), tea (Thea sinensis) and chocolate (Cocoa bean) are
the primary sources of these compounds. The earliest recorded utilization of caffeine-
containing beverages was tea, which is a popular drink regarded as prolonging life in the
Tang Dynasty of China (618-907 AD) (136).

Apart from its natural occurrence in some drinks or foods, nowadays caffeine is applied
as a food additive, and as a drug or as part of pharmaceutical preparations. It has become
the most universally consumed psychoactive or central nervous system (CNS) stimulant
in the world (81). The nervous system is sensitive to caffeine, as caffeine mainly mediates
its effect through adenosine receptors. Adenosine is a compound interacting with G-
protein-coupled adenosine receptors, which have broad physiological importance.
Stimulation of the receptors can initiate discrepant effects, such as bronchospasm,
inhibition of neutrophil degranulation, smooth muscle contraction, vasodilatation and
regulation of heart rate (151, 175, 442). Since caffeine has a similar molecular structure
to adenosine (both have a comparable double bond ring structure), it has the potential to
occupy adenosine receptor sites (118), which prevents adenosine stimulation of the
receptors by acting as an adenosine receptor antagonist. Caffeine consumption thus
results in inhibitory effects to the CNS, including pharmacological effects such as mild
CNS stimulation and wakefulness, the capability to sustain intellectual activity, and
decreased reaction times, which are similar to the effects of other methylxanthines (92,
337).

In humans, ingested caffeine is rapidly absorbed from the gastrointestinal tract into the
bloodstream and metabolized in the liver (99%) to three primary dimethylxanthines, with
paraxanthine (1,7-dimethylxanthine) as the major metabolite (approximately 80%),
theobromine (roughly 11%) and theophylline (around 5%) (40, 227, 368). In nature,
paraxanthine is only found as a metabolite of caffeine, and is not (yet) discovered in
plants. It is a different case for the other two metabolites of caffeine in animals and some
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species of bacteria, which are found in plants. The absence of food containing
paraxanthine has limited the interest in its metabolic fate. Similarly, paraxanthine is also
a psychoactive CNS stimulant (277, 400). In in vitro studies of hepatocyte toxicity,
paraxanthine was reported to be less harmful than caffeine and the least harmful of the
caffeine-derived metabolites (146).

Theophylline was first extracted from tea leaves and chemically identified around 1888.
Its first clinical use appeared in 1902 (290). In 1922, it was reported as an asthma
treatment (373). Akin to caffeine, theophylline is also a potent inhibitor of adenosine
receptors in the human brain (398, 399). Its ability to complete with adenosine receptor
ligand binding is more potent (44), especially in its respiratory stimulating effects (347).
Additionally, theophylline (50 pM) was shown to accelerate human granulocyte
apoptosis via an adenosine-receptor-mediated effect (476, 477), as adenosine can delay
the apoptosis of granulocytes (449). In contrast to caffeine, theophylline is significantly
more active in cardiac stimulation, coronary dilation and smooth muscle relaxation, as
well as with greater toxic effects on the cardiovascular system, and similarly for the
gastrointestinal system (24, 95, 407). Moreover, theophylline has a greater potential to
cause CNS seizures than caffeine (398).

Theobromine is the primary xanthine alkaloid found in cocoa bean and chocolate (380).
In particular, theobromine has contributed to one of the most innocuous and pleasant
habits: chocolate consumption. It was first identified in 1841, the name derives from the
name of the cocoa plant, “the food of Gods” (Theobroma). Its effect in the human nervous
system is similar to, but lesser than caffeine. The main pharmacological effects of
theobromine include diuresis, vasodilatation, myocardial stimulation and smooth muscle
relaxation, while the adverse effects include nausea and anorexia (353). It is a more potent
cardiac stimulant than caffeine and was used previously as a dilator of coronary arteries
in humans, at a dose of 300-600 mg/day (411). Another report found that daily dosing of
979 mg theobromine with cocoa for 3 weeks lowered systolic blood pressure and
increased heart rate (434). Compared to the effect of caffeine or theophylline, the action
of theobromine on the CNS is weak or virtually absent (82).

In humans, apart from the aforementioned metabolites of caffeine, more than 25
metabolites have been identified overall after caffeine administration, which reveals the
rather complex metabolism of caffeine (65). Additionally, the pharmacokinetics of these
metabolites differ substantially in humans. Comparative pharmacokinetics of caffeine
and its derived methylxanthines was reported in 1986 (226) - the total plasma clearance
rate of caffeine and paraxanthine were similar in magnitude (2.07 + 0.96 and 2.20 + 0.91
mL /min/kg, respectively), which are greater than those of theobromine and theophylline
(1.20 £ 0.40 and 0.93 £ 0.22 mL /min/kg, respectively). Additionally, when the
interindividual variability for the rate was considered, while theophylline gave the least
variable (1.6-fold range), caffeine (3.2-fold), paraxanthine (2.7-fold) and theobromine
(2.6-fold) had wider variability. Furthermore, the half-lives of caffeine (4.1 £ 1.3 h) and
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paraxanthine and (3.1 £ 0.8 h) were shorter than those of theobromine (7.2 = 1.6 h) and
theophylline (6.2 £ 1.4 h). Another study in healthy individuals showed that the
elimination half-life of caffeine may range from 1.5 to 9.5 hours (about 5 hours in mean;
estimated as total plasma clearance rate of 0.078 L/h/kg) (45, 61). The wide range of half-
life of caffeine is due to variations in individual physiological/environmental features
(e.g. pregnancy, obesity, smoking), which affects its metabolism.

Despite the long history of use of caffeine, concerns have been raised regarding the
continued use of high levels of caffeine for long-term health. It is generally considered to
be safe in moderate amounts (<400 mg/day) in healthy adults (81, 307). This dose
recommendation was based primarily on published human data reviewed by Nawrot, et
al. (307) in a comprehensive literature search on the aspect of general toxicity,
cardiovascular effects, effects on bone status and calcium balance, behavioral effects,
carcinogenic and genotoxic potential, and effects on reproductivity (pre-/postnatal
development). From very early times, adverse effects of a very large dosage of caffeine
have been noted (especially in people not used to the substance), such as nervousness,
anxiety, insomnia, irregular heartbeats, excess stomach acid and heartburn (90). If
consumed with adequate quantities, it can cause significant toxicity (plasma
concentration >40 mg/L) and even be fatal (10 g/person) (21, 128, 202, 216, 307).

To evaluate the effect of caffeine, the metabolism of caffeine should be taken into
consideration, as the overall impact on homeostasis is the sum of caffeine, and its
metabolites: paraxanthine, theobromine and theophylline. Hitherto, most of the
researches have focused on skeletal muscle regarding the topic of caffeine, and
carbohydrate homeostasis. However, the liver plays a potentially important role in the
regulation of the circulating levels of caffeine and blood glucose concentrations.
Additionally, the liver is exposed to a far higher concentration of caffeine than any other
tissue of the body. A primary hepatic metabolic action of caffeine is known to cause a net
glucose uptake (284, 336). Moreover, caffeine is proposed to protect against fibrosis and
effects from ethanol in the liver (85, 89). In 2006, the protective effect of caffeine against
liver fibrosis was investigated by Chan, et al. (66). Thereafter, in an in vitro culture study
of human and rodent hepatic stellate cells, the anti-fibrotic effects of caffeine have been
evaluated indicating the attenuated progression of liver fibrosis by inhibiting adhesion
and activation of hepatic stellate cells (379). Morphological evidence for anti-fibrotic
activity of caffeine was shown by Hsu, ef al. (184), where therapeutic caffeine treatment
decreased portal resistance and pressure in thioacetamide-induced cirrhotic rats.

Biologically, the effects of caffeine have been studied for some time (119, 128). Apart
from the effect of caffeine in the antagonism of adenosine receptors in CNS, it also
functions in the inhibition of phosphodiesterases (PDEs). Caffeine acts as a nonselective
competitive inhibitor of PDEs (428). Thus, it can modulate intracellular levels of cyclic
adenosine monophosphate (CAMP) - the induction of cAMP strongly inhibits oxidative
bursts in neutrophils and suppresses inflammation (309). Additionally, in a study of rats
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injected with D-galactosamine and/or lipopolysaccharide (LPS), caffeine decreased liver
damage, which implicates the anti-inflammatory effect of administrated caffeine (5, 158).

2.5.2 Sildenafil

Sildenafil (Viagra [sildenafil citrate ]) is a vasoactive agent for the treatment of male
erectile dysfunction (ED), and has been in use since 1998. Akin to caffeine, a known PDE
inhibitor, sildenafil is a potent and selective inhibitor of cGMP-specific PDE type 5
inhibitor, due to its similar molecular structure to that of cGMP (23). Sildenafil causes
the cGMP levels to increase via inactivating PDEs that metabolize ¢cGMP. As
forementioned, cGMP is an intracellular mediator of the NO pathway, and can cause an
increase in NO synthesis - NO can lead to relaxation of the vascular smooth muscle
structure (vasodilation), increases in blood flow, inhibition of platelet aggregation and
microcirculation (415).

Sildenafil was introduced due to serendipitous discovery of its induction of penile
erections while it was originally being tested for treatment of hypertension (high blood
pressure) and angina pectoris (a symptom of ischemic heart disease) in the 1980s.
However, its induction of marked penile erections redirected its market for ED, rather
than for angina (41, 422). It thus became an often-cited example of drug repositioning
(14). Additionally, a satisfactory investigation was conducted with the intravenous
formulation of sildenafil for more emergent treatment of pulmonary artery hypertension
(475).

Orally administered sildenafil has a terminal half-life of between 3-6 hours and is rapidly
absorbed with a maximum plasma concentration achieved within an hour. It is rapidly
and almost exclusively metabolized by the liver (298, 450). Therapeutic dosages of
sildenafil range from 10 to 100 mg/day and are well tolerated in the dosage range studied,
with no clinically appreciable effects on blood pressure or heart rate (142, 195). Liver
toxicity relevant to sildenafil has been considered very rare, but other specific adverse
events were noted, including headaches, flushing, dyspepsia, visual/hearing loss,
hypotension, cardiovascular risk (144, 191, 272).

In the last decade, some cases of sildenafil-associated hepatotoxicity have been reported.
In humans, few studies were investigated on hepatotoxicity with sildenafil consumption
under medical supervision, resulting in an enlarged liver, severe cholestasis in the
sinusoids, and cellular alterations (large appearances of eosinophilic granulocytes and
necroinflammation) in the portal area (100, 144, 466). In 2011, a histological rat liver
study on the effects of sildenafil citrate demonstrated dilation of the central vein, lysed
red blood cells and a cytostructural distortion of the organ (105). Moreover, long-term
exposure to sildenafil overdoses produced significant biochemical and structural
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alterations in liver tissues (i.e. hepatocyte nuclear alterations, necrosis, inflammatory cells
infiltration and hepatic vessels congestion), which might affect the function of the organ.

Despite the abovementioned reported potential (and highly variable) hepatotoxicity, there
are studies showing beneficial applications of sildenafil. Research in 2012 (in rats)
showed sildenafil at low doses accelerates hepatic regeneration after partial hepatectomy,
which might suggest it adequately induces liver regeneration (474). And another study
demonstrated that sildenafil may suggest a new perspective to protect against DNA
damage observed in atherosclerosis (356).

2.6 Other Factors and Fenestrae

Studies have demonstrated that the diameter and number of fenestrae vary not only from
species to species, but also between individuals of species, as well as within a single
individual under diverse physiological and pharmacological statuses (54). Additionally,
some other aspects also affect the structure of fenestrae, including age, intralobular
regions and methods of visualization.

2.6.1 Species

With the detailed description of LSEC-fenestrae by Wisse in 1970 (460), there followed
an abundance of early studies of LSEC-fenestrae in various species. Although most of
these were conducted on mice and rats, other animals were studied including fish (283),
birds (125, 127), and many mammals (125, 183, 253, 320, 417, 419, 468). Notably, all
LSECs in different species carry the same ultrastructural fenestrae characteristics, namely
fenestrae clustered as sieve plates. Most fish studies reported only the existence of
fenestrae (114, 131, 174, 283, 362, 418, 420), albeit a research article on goldfish
described organized sieve plates with fenestrae (50-200 nm) (311). Moreover, the
diameter and number of fenestrae varies from species to species, also between individuals
of a species, even within a single individual under different physiological and
pharmacological situations, but similar fenestrae were observed for both sexes of a
species (253, 283).

The fenestra diameter of the abovementioned species ranges from 50 nm to 300 nm,
which is also reported in a human study (183), and the smallest average size of fenestrae
was from rabbit and sheep studies (125, 468). The same human study (183) appeared with
big variations in porosity (the percentage of total membrane surface that is perforated by
fenestrae, with total cell surface being 100%) and frequency (total number of fenestrae
per area), as well as in the rat and mouse studies (123, 125, 401). The variations in
fenestration patterns between different species were proposed to be related to dietary
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cholesterol (54). By comparing rats with rabbits and chickens (both are lower in porosity),
the fenestrae tended to be smaller and fewer in the latter two species, respectively. This
resulted in a prolongation of cholesterol-rich chylomicron remnants in circulation, in
which are considered to be atherogenic. That might explain studies demonstrating the
vulnerability of rabbits and chickens to dietary cholesterol, and the development of
atherosclerosis (71, 127, 467). Moreover, within the same species (rat), individual
variations can be clearly noted with average diameters from 60 nm to 245 nm, porosity
from 2.4% to 17.6% and frequency (3.4-20.0 /um?) (19, 73, 197, 296, 316, 447, 451, 462).
In those studies, many other factors also contribute to these variations, such as
intralobular region, age and preparations of specimens, which will be discussed in the
next sections.

2.6.2 Age & Intralobular location

An interesting finding from Vidal-Vanaclocha, ef al. (441) showed clustered and free
fenestrae distributed differently in centrilobular and periportal regions, with free fenestrae
prevailing in the periportal zone (around 60% of total pores), and clustered fenestrate
prevailing in the centrilobular region (roughly 75% of the total number of pores).
Moreover, in most of the studies, a zonal gradient is observed with larger fenestrae at
greater frequencies and higher porosity in the centrilobular sinusoids (19, 183, 441, 462);
allowing more exchange of oxygen in the centrilobular region ascribed to the partial drop
of oxygen tension across the lobule in the periportal zone (262). However, there are
studies showing larger fenestrae in the periportal region (251, 462, 469); with lower
porosity that is at odds with the former studies. These controversial findings might
indicate further investigation is needed to confirm the pattern of zonal difference for
LSECs.

During intrauterine life, the fetal liver serves as a hematopoietic organ in mammals, this
function declines in late fetal life, and then the liver becomes an exocrine gland of the
digestive system (79, 286, 470). This dramatic transformation in liver function between
embryos and adults is considered to cause transformative alterations of the sinusoidal
endothelium in the fetal and adult livers. Few studies have been performed to show the
difference between the sinusoids of the fetal and postnatal liver (19, 303). Bankston, et
al. (18) found that fetal liver sinusoids possess fenestrae with diaphragms permeable to
carbon before 17-days gestation, functioning as a sieve for carbon to reach the
extravascular space. In 1977, Naito and Wisse observed, using TEM, LSECs on the 15-
20™ day of gestation in rat fetuses, and the continuity of endothelial lining was found to
be only interrupted by the passage of blood cells (303). In addition, the zonal variations
in fenestration patterns were reported to exist already in the fetal period of rats. The
differences in fenestrae size between liver zones were larger in fetal sinusoids (measured
at 18 and 21 days of gestation) than in the sinusoids of new-born (1 and 5-day old)
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animals, with the geometric diameter of fenestrae being smaller in the sinusoidal
periportal zone than in the centrilobular region (19). In the same study, average adult liver
fenestrae tended to be smaller than both fetal and new-born fenestrae. Thus, the LSECs
with fenestrae appear and function also in the fetal liver, though with different zonal
distribution, size, and morphology compared to adult liver fenestrae.

Furthermore, Le Couteur, et al. (222) reported marked ultrastructural changes in the
sinusoidal endothelium of old rats (24-27 months) compared with young rats (4-7
months) in SEM, where the porosity dropped almost 60% from 4.1% (young) to 2.5%
(old) in old rat, as well as the loss of fenestrae in both periportal and centrilobular regions.
Congruent defenestration patterns (loss of fenestrae) were also observed in other old mice
(451), baboon (75) and human studies (285). In rats, the loss of fenestrations leads to
blockade of lipoprotein (with an average diameter of around 50 nm) passage into the
space of Disse (171), which might contribute to hyperlipidemia and atherosclerosis
associated with old age (484).

2.6.3 Specimen Processing & Methods of Visualization

To better understand the structure of fenestrae and sieve plates, different methodologies
can be used, each involving multiple stages of specimen processing prior to visualization.
Processing considerations include pressure or direction of perfusion (anterograde or
retrograde to inherent blood flow), and whether the specimens are tissue or cellular (in
vitro, in vivo, in situ). Methods of visualization involving respective preparations for the
methodologies also have limitations themselves.

In the first place, specimen conditions such as in vitro cell culture, in vivo/in situ tissue
specimens can result in variations in LSEC morphology. By comparison, in vivo/in situ
samples are more representative of the inner environmental situation for the cells.
However, the geometric surroundings complicate the analysis of LSECs under various
conditions, so in vitro studies simplify the factors to limited/controlled conditions to
better understand the function of the LSECs in the liver. Therefore, both approaches have
their respective merits, but both definitely give comparable parameters for LSECs.
Cultured LSECs retain their fenestra-forming capacity totally (401). An early study in
mice (in vitro and in situ) demonstrated the parameters of LSECs fenestrae (size, porosity
and frequency) in both situations, with larger fenestrae size, lower porosity and frequency
from cultured in vitro LSECs. Although the study did not focus on the comparison of both
conditions, the results revealed the distinctions of both conditions (401). In most in situ
rat studies, the average size of LSEC fenestrae ranges from 60 to 121 nm, porosity from
2.4% to 17.6%, and frequency (5.74-20.0/um?), together with the zonal and young/old
variations (19, 73, 125, 127, 197, 222, 317, 441, 447, 451, 462, 463). Nevertheless, in
vitro studies give a larger average fenestrae size (118-215 nm), with smaller range
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variations in porosity (2.8-8.2%) and frequency (3.4-3.9) (47, 51, 469). Therefore, the
culture conditions definitely induce the parameter changes in LSEC fenestrae, as the
geometric analysis comes to more flattened dimensions, which increase the accuracy of
the measurements. On the other hand, this changes the pattern for LSECs from their inner
in situ environment.

Fenestrae and sieve plates are delicate structures that can contract, break, dilate or
coalesce during specimen processing. Thus, to preserve their integrity, careful processing
is required. However, in order to examine the walls of the sinusoids, the removal of blood
is a necessity. Compared with a large series of human needle biopsies fixed by immersion,
resulting in blood cells and precipitates on a sinusoidal surface (311), perfusion fixation
provides good preservation of ultrastructural details in the rat liver (303), as well as
removing blood cells and precipitates. Of note, the pressure and direction of perfusion
can impact fenestration size (447). Endothelial fenestrae are very vulnerable to different
pressures of liver perfusion (121, 130). Low pressure (12 cm water pressure,
physiological portal pressure) is recommended, to avoid pressure-induced perfusion
artifacts and damage to LSEC, typically demonstrated as large gaps within the cell
membrane (461). Additionally, a low flow rate (3 mL/min) assures the pressures have no
influence on fenestration size (447). Apart from that, the direction (anterograde and
retrograde) of perfusion (i.e. two opposite flow senses: porta-cava; cava-porta,
respectively) are proposed to manifest variations on fenestrae parameters (441). In both
periportal and centrilobular zones, the average values of fenestrae size, frequency and
porosity are all larger in retrograde perfused specimens. Thus, via the portal vein in whole
liver perfusion of fixative/buffer is the preferred method for liver perfusion. Fixation of
specimens for electron microscopy requires quick performance to prevent ultrastructural
changes, occurring as the outcome of rapid autolytic processes from the liver itself (74).

The diameter of fenestrations is below the resolution limit of conventional light
microscopy (about 200 nm). In the past decades, observation of fenestrae was limited to
electron microscopy on liver tissue or cultured LSECs. Transmission and scanning
electron microscopy (TEM&SEM) were widely used to visualize fenestrae to study
LSECs. For liver tissue, TEM preparation requires embedding in a resin, then slicing to
less than 100 nm sections on an ultramicrotome. The methodology was applied to observe
the continuity of LSEC surface, and the passage of substances through fenestrae (303),
as well as measuring the size of fenestrac and porosity of LSECs (283, 462, 463). In
contrast, SEM has been more frequently used to study fenestration size, porosity and
frequency as it allows the observation of a large surface area of LSECs and measurements
of numerous fenestrae within the field of view.

Notably, the geometric analysis of LSEC fenestrations is highly related to the method of
visualization. For example, in one study, the average diameter of rat LSEC fenestra was
reported to be 147.2 and 174.6 nm (centrilobular and periportal regions, respectively)
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from TEM assessment, and 104.8 and 110.7 nm (same respective region as above) by
SEM measurement (462). In both cases (TEM&SEM), SEM results are generally smaller
than TEM measurements (283, 463). The preparative differences might explain this, as
SEM preparative procedures may induce 15-30% shrinkage of the tissue due to critical
point drying (462). Moreover, the results reported from SEM-based studies for LSEC
parameters (size, number and porosity) give wide variations in the literature (74).

Given the above limitations of classical SEM and TEM preparation (extensive sample
preparative requirements), new technologies have been introduced in the field of studying
parameters of LSEC fenestrae, such as cryo-TEM (46), atomic force microscopy (AFM)
(48, 50, 53), three-dimensional structured illumination microscopy (3D-SIM) (72) and
direct stochastic optical reconstruction microscopy (dSTORM) (294), all of which
possess the advantage of the preparation of wet cell specimens (thus avoiding cell
shrinkage). Moreover, AFM and SIM allow the achievement of live cell imaging of LSEC
fenestrae dynamics in real time.

3 Super-Resolution Microscopy

Optical resolution describes the capability of an imaging system to resolve detail in the
object being imaged. However, the wave-like property of light limits the obtainable
resolution (1), i.e. using traditional light microscopes, cellular structure and objects that
are spaced by less than the diffraction (i.e. spreading out of the light wave) limit of about
200 nm apart cannot be discerned by conventional light microscopes. A large amount of
fundamental biology of the cell occurs at the subcellular scale in the size range of tens to
a few hundred nm, which is beyond the reach of conventional light microscopy.
Conventionally, the wavelength of visible light ranges from 400 to 700 nm, for one
microscope with a high numerical aperture (NA) objective (NA=1.4), the resolution limit
is about 200 nm laterally (x and y directions) and about 500 nm along the optic axis (in
the z direction) (153).

Using electrons instead of photons was an early approach to attain detailed biological
information. As the de Broglie wavelength (matter wavelength) of an electron is much
shorter than visible light, electron microscopy (EM) has a much higher resolution than
optical microscopes (229). Though achieving atomic resolution (about 0.05 nm) (102),
EM has many practical issues that constrain its utility for biological studies. The main
issue is that electrons carry an electric charge, and while traveling, they interact with the
medium. Since electrons interact with molecules in the air, samples have to be viewed in
a vacuum (or low pressure), which is incompatible with living cells or tissue. The
interaction of electrons with the sample prohibits their deep penetration into the sample.
Therefore, fixation, dehydration, and ultra-thin sectioning are required to prepare a
sample for EM, and these procedures may result in artifacts, such as shrinkage of the
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specimen and alteration of tissue structure (78). Additionally, the low pressure and ultra-
thin sectioning requirements further make EM incompatible with live-cell imaging.
Therefore, methods that combine both the non-destructive nature of optical microscopy
and the nanoscale resolution of EM are highly desired for biological research. Over the
last decades, several super-resolution microscopy (also known as nanoscopy) modalities
have been devised that allow diffraction “unlimited” optical microscopy. Notably, the
2014 Nobel Prize in Chemistry was jointly awarded to three laureates: Stefan Hell, Eric
Betzig and William Moerner for their contribution in the development of super-resolved
fluorescence microscopy (365). The utilization of super-resolution microscopy allows the
aforementioned resolution limit to be reduced to around 100 nm for SIM, and 20 nm for
single-molecule localization microscopy (SMLM). Theoretically, some of these novel

fluorescence microscopies (e.g. non-linear SIM) are capable of unlimited resolution
(148).

3.1 Single-Molecule Localization Microscopy

Since the end of the 20™ century, with the progression of single-molecule spectroscopy,
photoswitches are widely applied in super-resolution fluorescence microscopy. The
technique combines photoswitches displaying long-lasting dark states with precise single-
molecule localization, and is termed localization microscopy (31, 168, 361). During the
last years, the technique underwent various advancements (164, 185, 333, 431, 444) and
has found its place among established fluorescence super-resolution microscopies such
as SIM and stimulated emission depletion (STED) (147, 165).

Early in 1995, Betzig proposed the general principle of isolating and localizing single
fluorescent molecules in a crowded environment, as one of the foundations of far-field
optical super-resolution microscopy (30). Thereafter, three research groups
independently developed similar optical super-resolution methods with ~20 nm lateral
sub-diffraction resolution. Specifically, Betzig and collaborators termed theirs as
‘photoactivated localization microscopy’ (PALM) (31). Hess and colleagues (University
of Maine) called it ‘fluorescence photoactivation localization microscopy’(fPALM)
(168). Zhuang and collaborators (Harvard University) developed STORM: stochastic
optical reconstruction microscopy (361). In common, they all used effective means to
determine if a single molecule is being probed. The position of the molecule can be
localized precisely via fitting a model to its point-spread-function (PSF, a spread-out
point source/object mathematically describing the detected intensity distribution in a
two/three-dimensional function) of the optical microscope, whereas the precision is
mainly confirmed by the number of collected photons and the signal-to-noise ratio (371,
423, 478). During the imaging process, the majority of photoswitches are nonfluorescent,
small fractions are stochastically activated and precisely localized over time. The density
of activated fluorophores must be low enough to allow single-molecule localization,
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which is preferably no overlapping central parts of their PSFs. Subsequently, by
reconstructing from all localizations, i.e. the imaging of single-molecules obtained within
a series of data (hundreds to thousands of images), to form a super-resolved image.

The theory behind the technique is based on an Impressionist painting technique called
“Pointillism”, in which small, distinct dots of color are applied in patterns to form an
image. Likewise, the SMLM uses photoactivatable/photoswitchable fluorescent proteins
or fluorophores as those dots. The exact position of individual molecules can be plotted,
and a single super-resolved image (~20 nm) generated from the fusion of position
information from thousands of individual images. Photoswitches are molecules that can
be switched between two distinct states by external approaches. The molecules are
switched between a fluorescent bright (‘on’) and dark (‘off’) state (i.e. ‘blinking’) upon
illumination with light of different wavelengths.

In localization microscopy, photoswitches are used to label a structure of interest (cellular
proteins).  Of note, fPALM  uses fluorescent proteins such as
photoactivatable/photobleachable proteins (green fluorescent protein, GFP), while
PALM uses photoswitchable proteins (e.g. green fluorescent protein Dronpa) (8).
Additionally, the first fluorophores applied for STORM were coupled carbocyanine
fluorophores with photoswitching properties (361). Thereafter, the requirement of
coupling these organic fluorophores was replaced via the introduction of special buffer
systems that serve a similar purpose. The latter method is thus called direct STORM
(dSTORM), which is one of the easiest and most used STORM method (437).

3.1.1 dSTORM

With the aid of a suitable buffer system, JSTORM utilizes the photoswitching properties
of commercially available fluorophores to achieve the localization by irradiating the
sample with either one or two wavelengths of light (160, 161, 432). The state of non-
fluorescent(‘oft”) is triggered by the same wavelength, which also excites the molecule’s
fluorescence (‘on’) for localization. The fluorescent (‘on’) state can be reversibly
recovered by the use of laser light at lower wavelength regions, such as 405 nm or 488
nm. During the transition of a blinking, highly reactive oxygen is formed as a side
product, which causes photodamage to the sample as well as fluorophore photobleaching
(433). Controlling the oxygen content in the buffer medium with an enzymatic oxygen
scavenging system, as well as adding thiolated molecules to the buffer medium allows
almost seamless adjustment of the rates when photoswitching occurs (350). Therefore,
enzymatic oxygen removal is frequently used in imaging buffer systems containing
enzymes such as glucose oxidase or reducing agents: B-mercaptoethylamine (MEA)
(160), B-mercaptoethanol (BME) (235), or ascorbic acid (443), resulting in more stable
fluorescence emission (433). Notably, cyanine derivative dyes such as Cy2, Cy3, Cy5
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and particularly Alexa Fluor 647 work optimally in oxygen-free environments, but
rhodamine dyes like Alexa Fluor 488/555/568 and Atto 488 do not blink favorably under
similar conditions, instead, demanding residual fractions of oxygen or another oxidizing
agent (302). Thus, careful selection of the buffer system and dyes under suitable power
level and conditions (e.g. concentration and pH) to induce the desired photo blinking, and
control or prolong the blinking states is needed for SMLM. Furthermore, especially
engineered optimizations such as fluorophores exhibiting high fluorescence quantum
yield, high photostability, and minimal intrinsic “blinking” have been established to
improve the efficiency of photoswitching for single-molecule detection. All of these have
dramatically improved significant high localization statistics of reversibility for
photoswitching.

Since dSTORM enables 5 times greater spatial resolution than 3D-SIM for typical
biological samples, it is an outstanding option for attaining more structural detail. The
relative thinness of LSECs allows the application of TIRF/HILO (highly inclined and
laminated optical sheet) imaging techniques (with lower background results, see Fig. 3),
which is typically used in SMLM (323). A deeper insight of structural details of
fenestrations in LSECs in an aqueous environment was obtained by Monkemdller, ef al.
(294) via dSTORM. The results from SIM and dSTORM measurements from that article
demonstrated similar results (average diameter: 129 £+ 33 nm for 3D-SIM and 120 + 38
nm for dSTORM), while the fenestration diameters below 50 nm were measured in
dSTORM analysis.

Generally, to visualize tiny holes in biological samples (‘negative imaging’) is much more
demanding compared to a fluorescently labeled cytoskeleton (‘positive imaging’).
Therefore, super-resolved imaging of LSECs is a challenging task since multiple
experimental parameters have to be considered, such as low background, the density of
the fluorophores, localization precision and post-processing. The data thus has to be
interpreted with care (98), as both primary data acquisition and post-processing are prone
to artifacts. Avoiding nonspecific binding of the fluorophores to coverslip surfaces is
helpful to have a significantly lower background. The labeling density of fluorophores is
also an important parameter to be considered, it was suggested that the mean density of
the fluorophores has to be twice as high as the desired resolution, i.e. 10* and 10°
molecules/um? for resolution of 20 nm in 2D and 3D, respectively (323). However, the
increasing density of labeling also gives rise to the increased probability of non-specific
signals, which results in an inaccuracy of fluorophore positions. To separate fluorescence
signal, dISTORM applies a Gaussian function to an emitted fluorophore, connected
fluorophores data can then be processed via fitting multiple Gaussian functions, which is
possible, though time-consuming with software packages (177, 329). For quantitative
data analysis, such as measuring the diameter of fenestrations in LSECs, localization
precision is crucial. Ideally, each fluorescing molecule would be switched on/off and
counted only once. It is possible to overcount the true signal, especially when the
background is high and the fluorophore is dim. Re-emitted fluorophore signals needing
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to be counted multiple times by a localization algorithm have to be corrected. Post-
processing of the data thus has effective impacts on the quality of super-resolved images.
Apart from the aforementioned overcounting correction, the total number of localizations
is lowered by filtering out values of detected photos below a certain threshold, which can
lead to low quality of the reconstructed super-resolved image. However, longer
acquisition times generating more processable raw data can somewhat compensate for
this. Typically, dSTORM requires a collection of 10,000-50,000 frames to achieve a high
spatial resolution.

Cost-efficiency

Among popular super-resolution imaging concepts, SMLM stands out for its simplicity
of technique, implementation and impressive spatial resolution. It has quickly been
commercialized and manufactured with products from such as Zeiss, Nikon, Applied
Precision, and Leica (132). Nevertheless, current commercial devices are expensive
(>$200K), which limits its widespread utilization as a routine microscopy system like a
traditional fluorescence microscope (248). Principally, SMLM is a simple wide-field
fluorescence microscope-based technique. After the launch of commercial high-end
SMLM systems, researchers start searching the substitutions for all high-end components
in a cost-effective manner.

Firstly, the laser is always one of the most expensive components. Due to the SMLM
system application of wide-field illumination, the imaging quality of SMLM is not
sensitive to the minor degradation on stability (laser output). In contrast, a uniform spatial
distribution of high-power illumination intensity is the most important factor. The
industry-grade high-power laser diodes (a semiconductor device), costing a few hundred
dollars, can provide satisfactory illumination intensity. Therefore, the high-end scientific-
grade laser is not necessary for SMLM. Secondly, the camera for image recording is
another factor that can be considered to reduce costs. The critical parameters of cameras
that determine the reconstructed image resolution are quantum efficiency (QE) and read
noise. Early applications of cameras on SMLM systems were mainly electron-multiplying
charge-coupled device (EM-CCD) camera (~90% QE), which is about $35K with excess
noise (unwanted signal). However, a camera using complementary metal-oxide
semiconductor (CMOS, ~70% QE) with significantly higher readout rates in comparison
to EM-CCD cameras (308), significantly enhanced the sensitivity and decreased the noise
with lower cost (247, 306). The scientific CMOS (sCMOS) camera is half the price of an
EM-CCD, and has been widely adopted in SMLM systems (220). An even cheaper
industry-grade CMOS camera (~$400 cost, ~71%) has demonstrated capabilities for
super-resolved imaging. (247). In addition, the objective lens is the key component in the
SMLM setup. It directly determines the collected photon number, which is related to
image resolution. A high-NA objective lens is usually expensive (NA >1.4, ~§7K).
Previous studies demonstrated that a low-cost objective lens (NA=1.3, oil immersion,
~$700) with dramatically (50%) decreased collection efficiency, and produced
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compromised resolution. Therefore, among the aforementioned key factors (laser,
camera, and objective) for cost-efficient SMLM devices, the quality of the objective lens
has the most pronounced impact on the resolution of reconstructed super-resolved images
(248).

As mentioned above, the quality of the objective lens is the most profound factor in the
resolution of super-resolved images. In addition, the illumination scheme is another
relevant parameter that can influence the image quality (Fig. 3). In general, high-intensity
illumination is preferred to eventually guarantee sufficient fluorescent photons gathered.
Many optical arrangements are possible to illuminate photons, such as ‘epi’-illumination
(a single lens functions as both the condenser and objective), which is the most frequently
used mode of illumination; highly inclined and laminated optical sheet (HILO)
illumination and total internal reflection fluorescence (TIRF) illumination. In wide-field,
epi-illumination, the laser beam is focused at the back focal plane (BFP) of the objective
lens, creating an illumination of the sample by a collimated beam, the entire volume of
the sample above and below the focus is illuminated. The imaging depth is therefore not
limited. However, the signal to background ratio is impaired, and photobleaching in the
whole volume needs to be considered. When the objective lens supports sufficiently high
angles of illumination: the HILO illumination mode can be achieved by moving the focus
of the laser beam towards the edge of objective lens to illuminate only part of the sample,
which reduces the background; Further tilting the angle of laser beam, enables the TIRF
illumination, which is a broadly used method with sub-diffraction limit illumination
volume to avoid background. TIRF microscopy is a near-field approach that has the
exciting laser beam incident beyond the critical angle (smallest angle of incidence that
yields total reflection) from the glass side of the interface (formed via the coverslip and
aqueous sample), such that all the light will be reflected back toward the objective at the
glass side. The electric field of the reflected beam still extends into the sample, exciting
all fluorophores within 100-200 nm above the aqueous side of the interface, and this is
the “evanescent field”, which decays exponentially away from the interface. The
penetration depth depends on incidence angle, excitation light wavelength and refractive
indexes of the interface (42) Background fluorescence, therefore, is largely eliminated as
no fluorophores higher up in the sample (outside of the focal plane) are excited,
engendering a very good signal to background ratio (437).
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Fig. 3 Illumination schemes. EPI: in widefield epi-illumination, a collimated beam illuminates the entire

depth of the sample is used, resulting in a high background fluorescence; HILO: highly inclined and
laminated optical sheet illumination mode, beam exit the objective at an angle, resulting gradually
decreasing penetration depth with less background; TIRF: total internal reflection fluorescence illumination
mode, further shallowing the angle of incidence on the coverslip, reaching critical angle creates a shallow
illumination field (evanescent field) of the sample, the intensity of the evanescent wave decays
exponentially away from the coverslip. This results in improved contrast for the region of the sample close
to the glass coverslip.

Moreover, one study has reported performing dSTORM on standard fluorescence
microscopes with super-resolution capabilities at a very low cost (178). Thus, the cost
was dramatically reduced by omitting the microscope body and substituting the most
expensive parts with cost-effective alternatives, e.g. exchanging the EM-CCD camera for
a standard charge-coupled device (CCD) camera (30-40% QE); swapping the scientific-
grade laser with industry-grade lasers; substituting ultra-stable laser table for a
breadboard. Other less expensive and essential components remained to ensure
localization precision in the range of 40-60 nm (full width at half maximum: FWHM, a
general estimate for the resolution that at least achieved). Thus, the purchase cost had
been reduced by almost one order of magnitude compared to commercially available
super-resolution microscopes. Alternatively, an industry-grade CMOS camera in
standard setups can further contribute a considerable cost reduction without marked
compromising of the image quality (86, 247). Furthermore, the cumbersome and
expensive procedure of conventional SEM has motivated researchers to perform
dSTORM to view fenestrations at a low cost. Thereby, a cost-efficient SMLM setup,
imaging of LSECs and platelets has achieved a resolution of 50 nm for fenestration, and
with the investigation of drugs and toxins on cellular morphology was applied (256).
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3.2 SIM

Structured Illumination Microscopy (SIM) is a super-resolution fluorescence microscopy
technique that provides both increased resolution and excellent optical sectioning. Several
commercial super-resolution SIM systems are accessible to users at academic imaging
facilities, including the DeltaVision OMX (GE/Applied Precision), ELYRA (Zeiss) and
N-SIM (Nikon). These systems allow fluorescently labeled fixed or living biological
specimens imaged with visible light, mounted on a microscope slide (with coverslip or
glass-bottomed dish) as traditional, widefield, light microscopes. Compared to other
super-resolution techniques, SIM only requires a linear, incoherent response to the
intensity of the excitation light; and in terms of light effects, SIM is mild for imaged
specimens. Linear (standard) SIM gives a two-fold improvement of the optical diffraction
limit, which results in ~100 nm lateral and ~300 nm axial resolution, and with TIRF, even
finer details can be resolved. Using nonlinear SIM, it is possible to obtain (theoretically)
unlimited resolution; practically, signal-to-noise ratio (SNR) of the data defines the
attainable resolution (148, 163). Nonlinear SIM data with ~50 nm resolution has been
reported in biological imaging (351).

Two-dimensional (2D) SIM was shown in 1999 by Heintzmann, ef al. (162), as well as
in 2000 by (147). Thereafter, the technique further developed to three dimensions (3D)
in 2008 by (149). In typical SIM imaging, the fluorescence excitation light is controlled
to form a periodic pattern of fine stripes, which illuminate the specimen. During imaging,
the pattern of stripes (of known frequency) mixes with the structure of specimen (with
unknown frequency) to produce a sinusoidal pattern of Moiré fringes. Thereby the
difference-frequency mixing with illumination pattern shifts them into the resolvable
frequency band. Reconstruction algorithms compute this super-resolved information and
with a double spatial resolution image. Essentially, all modern fluorophores are
compatible with SIM, and several fluorophores labeled to samples can be imaged
simultaneously due to much lower illumination intensity for SIM than that for STED; and
fewer raw images and less time are needed to generate a super-resolved image compared
to localization methods. Therefore, SIM is a good option for live-cell imaging among all
these super-resolved methods mentioned. However, the 3D data set of SIM is sensitive to
aberrations, particularly to spherical aberrations. Microscope calibration and refractive
index matching to minimize image artifacts is a demanding aspect of this technology.

It was first shown by Cogger, et al. (72) that it is possible to investigate LSECs on super-
resolved SIM. The experiment was performed on isolated rat LSECs to demonstrate
fenestrations and their distribution in sieve plates. To visualize the cell membrane, the
components were labeled with a CellMask dye following cellular fixation. The dye gives
fairly uniform staining of the plasma membrane, which shows the morphology of rat
LSEC fenestrations with an average diameter measured as 123 nm. Furthermore, the
interaction between the actin cytoskeleton and fenestration distribution was investigated
(72, 293). Thin actin filaments surround fenestrations, and thick bundles of tubulin form
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rings around the sieve plates. 3D-SIM was further applied to assess the localization of
lipid raft labeled with stain Bodipy FLC5 ganglioside GM1 in rat LSECs. Rafts are
preferentially distributed in the perinuclear regions of LSECs rather than the sieve plate
regions. These observations suggest the postulation of non-raft and actin filament-
diminished regions forming fenestrations (410).

4 Long-Term Preservation of LSECs

Cryopreservation is a prevailing topic of high importance for biological materials such as
cells, tissues and organs. It has been used both in many research fields and clinical areas.
It is a process by cooling to very low temperatures (typically-80 °C in dry ice or —196 °C
using liquid nitrogen) to preserve structurally intact biological materials (335). It enables
standardization of experimental work overtime, also secures lifesaving banks of cells and
tissue ready for surgical transplantation and transfusion at the time of need. It is widely
accepted as a preferred technique for achieving long-term storage. Nowadays, various
samples are stored in such an approach, including blood, stem cells, tissues, oocytes,
sperm and environmental specimens (9, 228).

Optimal cryopreservation permits the storage of samples by maintaining viability and
functionality (139). In the past, processes of freezing and thawing have been studied
extensively. Suboptimal conditions lead to cell damage. Two basic damage mechanisms
are the mechanical damage caused by the formation of intracellular ice crystals (33, 412),
and the osmotic damage ascribed to high intracellular salt concentrations following water
loss after crystallization. Intracellular freezing is lethal, Mazur, et al. (276) discussed the
rate of cooling that decides the rate of water converted to ice, and described the optimal
freezing rate for successful cryopreservation. Based on that, the freezing and thawing
processes are now mostly standardized and controlled, such as the utilization of freezing
container (with a desired cooling rate of 1 °C/min, such as Nalgene, Mr. Frosty or Planer).
The storage temperature should be below the glass transition temperature of -130 °C, to
avoid biochemical reactions and recrystallization processes (274, 287). For a wide range
of cell types, not surprisingly, the cooling rate has a strong influence on the post-thaw
recovery (275); and a recent study suggests the warming rates are not critical for slowly
cooled samples (16).

In addition, traditional cryopreservation is applied by coating the material to be frozen
with a class of molecules, termed as cryoprotectants, which avoid additional damage
caused by the formation of ice crystals during freezing (364). Cryoprotectants simply
increase the total concentration of all solutes in the system, thus, reduce the amount of
ice formed at any given temperature; the molecules require the capability to penetrate the
cells and have low toxicity. In 1959, dimethyl sulfoxide (DMSO) was introduced as a
cryoprotectant (244). It is extensively used in the research laboratories, as it provides
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good cellular viability as long as cryoprotectant can be quickly removed in the post-thaw
period (260). Concentrations of DMSO <2% (v/v) are seldom effective as
cryoprotectants, whereas concentrations higher than 12% (v/v) are often toxic. Within
this range, the most effective concentration varies from species to strains (83).
Additionally, whole serum (fetal bovine serum or newborn calf serum) is an alternative
freeze medium (vehicle solution), it gives greater pH control and protection against freeze
damage due to increased levels of albumins (83).

Cryopreservation protocols routinely used for established cell lines and primary cultures
are quite similar. For example, cryopreservation and storage of embryo-derived stem cell
lines are well established (355): generally with the employment of a conventional
cryoprotectant solution (10% (v/v) dimethyl sulfoxide (DMSO) in cell medium (e.g.
Dulbecco’s modified Eagle’s medium, DMEM) supplemented with 10-90% (v/v) fetal
bovine serum, FBS); slowly cooling in cryovials (at or around 1°C/min), and rapid
thawing by swirling the samples within a 37°C water bath to complete the process.
Reports from human embryonic stem cell lines achieved high levels of survival rates
(>80%) following cryopreservation by applying a DMSO-FBS-DMEM cryoprotectant
solution with a cooling rate of 0.5-1 °C/min (77, 473). For the cryopreservation of
platelets, 5-10% DMSO with a slow cooling method has become the most widely used
(83, 369). Notably, a washing procedure is preferred after cryoprotectant -loaded cells
thawed prior to the application, as there are concerns of an osmotically induced lysis for
the cells.

Currently, new methods are being investigated due to the inherent toxicity of
cryoprotectants (364). One recent T-cell study shows the post-thaw recovery is lower than
that of other when cryopreserved in a DMSO solution (25). Nonetheless, cryopreservation
studies with regards to LSECs are lacking, with the exception of one study, which
achieved LSECs that retained functional and morphological characteristics upon thawing
and culturing (292).
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AIMS OF THE STUDY

The overall aim of this thesis was to study the morphological alterations of fenestrations
in liver sinusoidal endothelial cells, following challenges with oxidized LDL and
xanthines, dynamically visualized via optical super-resolution microscopy. Additionally,
develop a cost-efficient microscope and cryopreservation approach to aid our flexibility
in extending the investigation of these structural phenomena.

Specifically, the main hypotheses were:

e Optical super-resolution microscopy approaches are useful tools to study the
dimensions and dynamics of LSEC fenestrations;

e Cost-efficient microscopes allow super-resolved optical imaging on LSECs;
e LSEC fenestrations are dynamic structures that interact with/are affected by
exogenous agents such as oxLDL and xanthines;

e Cryopreservation approaches retain the fenestrated morphology and function for
LSECs.
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SUMMARY OF PAPERS

Paper |: Cost-efficient nanoscopy reveals nanoscale
architecture of liver cells and platelets

Objectives: Single-molecule localization microscopy (SMLM) provides a powerful
toolkit to specifically resolve intracellular structures at the nanometer scale, even
approaching resolution classically reserved for electron microscopy (EM). Although
instruments for SMLM are technically simple to implement, researchers tend to stick to
commercial microscopes for SMLM implementations.

Methods Here we demonstrated the construction and use of a “custom-built” multi-color
channel SMLM system to study liver sinusoidal endothelial cells (LSECs) and platelets,
which costs significantly less than a commercial system. The microscope allows the
introduction of highly affordable and low-maintenance SMLM hardware and methods to
laboratories that, for example, lack access to core facilities housing high-end commercial
microscopes for SMLM and EM.

Results: Using our custom-built microscope and freely available software from image
acquisition to analysis, we imaged LSECs and platelets with a lateral resolution down to
about 50 nm. Furthermore, we applied this microscope to examine the effect of drugs and
toxins on cellular morphology.
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Paper Il: Effect of caffeine, theobromine and other xanthines
on liver sinusoidal endothelial cell ultrastructure

Objectives: 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. Caffeine has been reported to have anti-fibrotic effects in
the liver. The present study aimed to assess if xanthines are of any benefit for liver
sinusoidal endothelial cells (LSECs).

Methods: Cultured primary rat LSECs were challenged with xanthines at concentrations
that can be obtained by upper normal consumption of xanthine containing beverages and
food stuff (in vivo “physiological” concentrations), and at in vivo toxic concentrations.
The cell cultures were examined with scanning electron microscopy and structured
illumination microscopy. LSEC viability was monitored with endocytosis assays.

Results: With the exception of toxic concentrations of theobromine, all xanthine
challenges had no negative effects on LSEC ultrastructure as judged by LSEC
fenestration status, and function as judged by endocytosis studies. In most xanthine
challenges, the fenestration diameter was reduced, while there was a simultaneous
tendency to increased fenestration frequency. Theobromine at physiological
concentrations and theophylline at toxic concentrations induced significantly increased
LSEC porosity, which is a function of both fenestration frequency and diameter.

Conclusion: Plasma concentrations of theobromine that are obtained from normal intake
ranges (such as consuming 40-80 g of dark chocolate or 110 g of regular milk chocolate)
can increase the porosity of LSEC. This increased porosity in LSEC may improve liver
function by improving the bi-directional exchange of substrates between the plasma and
the hepatocytes that surround LSEC. Given that LSEC porosity is reduced during ageing,
theobromine may therefore contribute to the positive effects of chocolate as a useful
adjunct to improving liver health in the elderly.
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Paper lll: Impact of oxidized low-density protein on liver
sinusoidal endothelial cells ultrastructure

Objectives: Atherogenesis is associated with elevated levels of proinflammatory
oxidized LDL (oxLDL) in the circulation. /n vivo, oxLDL causes endothelial swelling in
the liver, and disrupts the ultrastructure of liver sinusoidal endothelial cells (LSECs). The
present study aimed to map the kinetics of this disruption in vitro using super-resolution
microscopy.

Methods: Freshly isolated and cultured rat LSECs were challenged with oxLDL at
various physiological concentrations and at varying levels of oxidation (oxidized for 3h
oxLDL3; 24h oxLDLos4). The cell cultures were examined with scanning electron
microscopy and in real-time with structured illumination microscopy. LSECs viability
was monitored with endocytosis and lactate dehydrogenase (LDH) detection assay.

Results: oxLDL challenge disrupted LSEC ultrastructure — increasing oxLDL
concentrations and oxidation levels increased the level of disruption which manifested as
loss of sieve plates, fusion of fenestrations within sieve plates, and gap formation in
LSECs. Importantly, these effects were not uniform across all LSEC. LSEC maintained
the ability to endocytose ligands irrespective of the type/concentration of oxLDL.
However, increasing oxidation levels and concentrations of oxLDL inhibited LSEC
mediated degradation of the endocytosed ligands. LDH release was only slightly
increased after oxLDL challenge, irrespective of the type/concentration of oxLDL.

Conclusion: oxLLDL disrupts LSEC morphology in vitro, manifesting as loss of sieve
plates, fusion of fenestrations and large gap formation. However, LSEC remains viable
and maintain scavenging functionality during oxLDL challenge, suggesting these cells
are functionally robust in the presence of this cytotoxic compound.
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Paper IV: Primary rat LSECs preserve their characteristic
phenotype after cryopreservation

Objectives: Liver disease is a leading cause of morbidity and mortality worldwide.
Recently, the liver nonparenchymal cells have gained increasing attention for their
potential role in the development of liver disease. Liver sinusoidal endothelial cells
(LSECs), a specialized type of endothelial cells that have unique morphology and
function, play a fundamental role in maintaining liver homeostasis. Current protocols for
LSEC isolation and cultivation rely on freshly isolated cells which can only be maintained
differentiated in culture for a very short time. The present study aimed to improve the
flexibility of studying LSEC by developing a cryopreservation protocol such that LSEC
can be isolated in bulk from rat livers and stored for later use, at researchers’ convenience
instead of the same day of isolation.

Methods: Freshly isolated rat LSECs were cryopreserved using a freezing medium
containing 70% culture medium RPMI 1640, 20% fetal bovine serum and 10% dimethyl
sulfoxide. Cell cultures were examined with scanning electron microscopy and structured
illumination microscopy to determine effects on morphology compared to non-
cryopreserved controls. Cryopreserved LSEC receptor expression and functional viability
were monitored with immunohistochemistry and endocytosis assays, respectively.

Results: Here reported a protocol to cryopreserve rat LSECs that, upon thawing, maintain
full LSEC-signature features: fenestrations, scavenger receptor expression and endocytic
function on par with freshly isolated cells. We have confirmed these features by a
combination of biochemical and functional techniques, and super-resolution microscopy.

Conclusion: Cryopreservation of LSECs has no detrimental effects on their morphology
or function, and thus allows for greater flexibility and convenience for the study of this
cell type. Our findings offer a means to standardize research using LSECs, opening the
prospects for designing pharmacological strategies for various liver diseases, and
considering LSECs as a therapeutic target.
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GENERAL DISCUSSION

Methodological considerations

Rat and Mouse Models

Laboratory rats and mice are bred and kept for scientific research; rats are less commonly
used for research than mice. Mice are the most broadly used experimental mammals, they
had important contributions in most areas of biomedical research (115). They are ideal
for the study of aging, as they have a relatively short lifespan and share 99% of their genes
with humans (39). C57Bl6 mice are among the most common mice reported in the
scientific literature (58). Furthermore, they are the most susceptible strain to develop diet-
induced atherosclerosis among inbred strains examined (330, 372). Therefore, they are
important animal models for research in aging and diet-related atherosclerosis.

Rats, on the other hand, rapidly became the most frequently used species in behavioral
studies such as learning (22). They are becoming heavily used in biomedical research due
to their fertility, size and tractability (calmness and ease of handling) (436). Sprague
Dawley rats are outbred multipurpose breed albino rats, which are also extensively used
in medical and nutritional research (88, 182, 240).

The metabolic differences between albino and pigmented animals have been noted in
drug metabolism tests. This is explained by drug binding to melanin, for example,
chloroquine is an antimalarial agent showing distinct affinity to melanin (279, 325). The
eye has the highest concentration of chloroquine due to binding by melanin (280), and
chloroquine accumulates in the uveal tract of pigmented animals, but not albino animals
(206, 266). Therefore, when testing drugs in albino rats, one should consider whether the
binding to melanin is an issue for the study. Our study is focusing on liver endothelial
cells for caffeine test, and choosing Sprague Dawley albino rats raises no such concern.

In our studies, we have used both rat and mouse models. However, the yield of LSECs
from rats is 5-10 times higher than that from mice. Thus, rats LSEC production always
enough to cover the needs for all the ongoing LSEC experiments in our lab, and the
leftover cells have the possibility to be cryopreserved for future uses. Furthermore, the
handling of rats is easier than mice due to their size and tractability. Nevertheless, for
studies such as aging, rats’ housing and feeding costs take a greater proportion than mice
in research budgets. Therefore, when it comes to choosing the ideal experimental animal,
there are always multiple concerns regarding the purpose of the studies.

Primary Cell Culture

Primary cell culture refers to a culture from the time of isolation until its first cell
subculture. As opposed to the culture of immortalized cell lines, in vitro (Latin for “in the
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glass”) primary cell cultures are generally considered more representative of in vivo
(Latin for "within the living") tissues than cell lines (138). Additionally, for LSEC, there
is no cell line to date that expresses all the specialized receptors nor maintains
morphological features of LSEC (332).

Though the primary cell culture was not widely spread until the 2000s (424), this culture
approach still presents its advantage over cell lines, such as more realistic functional
responses, especially for drug testing responses (80). Therefore, it is suitable for oxLDL
and drug challenges in our LSEC studies (Papers II and III). Moreover, density gradient
separation in Percoll and selective substrate adherence were applied to obtain purified
primary LSECs (389). And with the same protocol, the purity was reported >95% from
previous studies from our groups (233, 292).

Cell Viability and Endocytic Ability

After purification of the LSECs, in vitro LSEC studies are recommended to be performed
in the same day (within 24h) since the endocytic ability decreases sharply thereafter and
ceases around day 4 (49); together with this, the disappearance of fenestrae occurs over
the same period (55). Therefore, our studies took place within the same day of isolation
and purification of LSECs, because of these morphological and endocytic concerns. In
addition, Paper IV provided an alternative approach to cryopreserve primary LSECs for
long-term utilization, which showed retention of functional and morphological
characteristics of LSECs upon thawing and culturing.

Furthermore, lactate dehydrogenase (LDH) is a stable cytoplasmic enzyme in all cells.
Once the plasma membrane is damaged, LDH is rapidly released into the culture
supernatant. The LDH cytotoxicity detection assay kit (assay including controls, are
performed in triplicate) is a simple and precise colorimetric method to measure LDH
activity, i.e. the amount of dye (formazan) proportionally produced to the number of lysed
(dead/plasma membrane-damaged) cells in 30 minutes. The maximum LDH activity is
determined by lysing the cells with 1% Triton X-100 (1%, Triton X-100 does not interfere
with LDH activity). Cell-free supernatant is also collected to incubate with the reaction
mixture from the kit. Therefore, the LDH assay was applied to determine the viability of
LSECs after treatment with oxLDL due to morphological changes caused by this agent,
such as large gaps forming in the cytoplasmic domain. Moreover, the endocytosis test
also reflects LSEC viability. The labeling with a radioactive tracer bound to the
internalizing ligand (FSA) is a quantitative measurement of endo-lysosomal traffic, and
has been used frequently in our research group to monitor the function of LSECs (232,
377, 394, 395).
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Treatments & LSECs

oxLDL

oxLDLs are modification products derived from native non-pathological biomolecules
and are pro-inflammatory molecules associated with the pathophysiology of diseases
such as atherosclerosis and the aging process, development of Alzheimer’s disease and
diabetes (27, 59, 140, 205, 242, 375, 403, 404, 465). Additionally, the modification of the
molecules makes them susceptible to the anti-atherogenic defense mechanism namely
SR-mediated uptake in endocytically active cells. Endothelial cells are such endocytically
active cells, the uptake (via SRs) of chemically modified LDL has been a common way
to distinguish them from smooth muscle cells and pericytes (137, 446). LSECs contain
well-developed endocytosis machinery and have high expression of endocytosis receptors
(discussed in sections 2.1).

On the other hand, as discussed in section 2, the fenestrae size of LSECs have great
importance in filtering lipoproteins, obstructing the passage of chylomicrons and
triglyceride-rich lipoproteins (the largest of the circulating lipoprotein particles (>200 nm
in diameter), and has a great effect on the metabolism of triglyceride-rich lipoproteins
(126, 171, 223).

OxLDL doses were selected based on previous work by Oteiza, et al. (327). The direct
exposure of LSECs to a high dose of oxLDL((80 pg/mL) (69), is to resemble the oxLDL
concentration (10-60 pg/mL) reported in plasma of cardiovascular disease (CVD) patients
(180).

Agarose Gel (REM)
Due to there being no standard protocol to prepare or compare the oxLDL, the oxidation

level of oxLDLs varies in the literature. However, relative agarose gel electrophoresis
mobility (REM) (310) of oxLLDLs is a validation approach to verify the level of oxidation,
as the increasing net negative charge is proportional to oxidation levels.

Xanthines

Doses for xanthines in Paper II were determined based on the physiological plasma
concentration after consuming such compounds. Caffeine plasma concentrations are
usually between 2-10 pg/mL (approximately 10-50 uM, rarely exceeding 50-60 uM
during normal human consumption in adults (128), with toxic effects are occurring at
plasma caffeine concentrations more than 40 pg/mL (216). Therefore, our high dose (150
png/mL) of caffeine is a toxic concentration in plasma. Paraxanthine is the major
metabolite (approximately 80%) of caffeine in humans, and in rats, caffeine is
metabolized to roughly similar amounts for paraxanthine, theophylline and theobromine
(12, 29, 326). And caffeine and paraxanthine are equally potent in rats (326). 370 mg
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theobromine from 82g chocolate (40-80g of dark chocolate or 110g of regular milk
chocolate) was rapidly absorbed in humans and produces a plasma concentration of 8.05
pug/mL after 2h (273, 299, 352). Therefore, we selected 8 pg/mL as a physiological
concentration for all three compounds (caffeine, paraxanthine, theobromine) in our rat
LSEC study. For theophylline to achieve adequate control of adult asthma, the required
plasma concentration is 8-20 pg/mL in humans (20, 34, 360). We chose 20 ug/mL as a
physiological concentration for theophylline in our study. High does (150 pg/mL) was
chosen as a toxic level for our study for all compounds.

Microscopy

As mentioned in Section 3, using photons to attain detailed biological information, the
resolution limit is about 200 nm laterally (x and y directions) (153). However, using
electrons instead of visible light gives a much higher resolution (in electron microscopy)
than in optical microscopes (229). Therefore, the quality of images is well within the
range for the purpose of statistical analysis. Nevertheless, the interaction of electrons with
molecules in the air and in the samples limits its utility for biological studies and prohibits
their deep penetration into the sample. Moreover, the preparation (fixation, dehydration
and ultra-thin sectioning) of EM may cause artifacts (shrinkage/alteration) on specimen
structure (78), not to mention the possibility of live-cell imaging.

With the development of super-resolution microscopy, the resolution limit of photons has
been overcome. SIM and SMLM (dSTORM) are promising methods that allow the
visualization of liver nanopore (fenestrae). Additionally, the possibility of live cell and
multicolor imaging further extended its application in biological research. By combining
two or more super-resolution techniques on the same sample, new dimensions of
information appear and offset the drawback of each technique. Therefore, in both Paper
IT and Paper III, we combine both SEM and SIM to add new dimensions of information
for our LSEC studies, SEM mainly for high-resolved morphological demonstration and
statistical analysis, and SIM for morphological validation from the SEM results, as well
as wet/live cell tracking the alteration of effect following substance challenges.

SEM, SIM and dSTORM Analysis

In Paper II, the effect of treatments was analyzed with SEM images. The design of
experiment was followed as a previous study (296), morphometric measurements were
conducted on coded pictures to control the observer bias, as well as the imaging was
blinded for each treatment. Fenestrae were denoted as open pores with diameters between
50-300nm (54, 183), those larger (>300 nm) were considered as gaps. Fiji software was
used to identify and measure the area of all fenestrae (circularity 0.6-1.0) and gaps
(circularity 0.1-1) as mentioned in Paper I, for Paper II. As the previous study (447), the
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fenestrae diameters were distributed into a gaussian pattern with 10-nm steps between
50-300 nm. The range was further sub-populated into ‘S’, ‘M’ and ‘L’ regions to
numerically compare the relative increasement of each region to the control group (Paper
IT). SIM images in Paper II were mainly for validation purposes for the SEM results, the
fenestration detection was conducted with pixel classification workflow in the freely
available machine leaning image processing software Ilastik (26, 393) described in Paper
I (applied in dSTORM analysis as well). The automatically segmented fenestrations were
then exported to Fiji, the identification (standard) is the same as SEM analysis in Fiji
mentioned above. Of note, due to the resolution limit of SIM being around 100 nm, the
real data of diameter analyzed from SIM images was in the same magnitude. However,
the resolution from dSTORM images presents a better resolution in Paper I compared to
that from SIM images.

dSTORM

SMLM (e.g. dISTORM) stands out among all the super-resolution microscopy modalities
for its simplicity of technique, implementation and 5 times greater spatial resolution
compared with SIM for typical biological samples. In a 2014 study of both SIM and
dSTORM measurements of fenestrae size demonstrating similar results for fenestration
diameters, notably, fenestration sizes below 50 nm were only measured in JISTORM
analysis (294). In contrast to SEM, dSTORM allows the cost reduction and avoids
unnecessary cumbersome procedures in sample preparation. In Paper I, cost efficiency
can be further enhanced by building a home-built set-up with 10% of the cost of a high-
end commercial system, allowing 50 nm-cellular morphological visualization of fenestrae
interactions with drugs and toxins. However, the limitation of dSTORM is that to achieve
a high-resolved image, the technique requires long acquisition times for a collection of
10,000-50,000 frames during imaging.

Challenges in Our Study

In our study of LSEC fenestrations, there are the following major challenges:

Fenestrae Size vs. Microscopy

As mentioned in Section 2, the average size of fenestrations (50-300 nm) is, however,
partially below the conventional optical resolution limit (i.e. ~200 nm) and there are no
specific cell surface markers for fenestrations. Therefore, the visualization of
fenestrations has been limited to EM and AFM in the past decades until the development
of super-resolution optical microscopy techniques.

More and more studies have investigated LSEC fenestrae via super-resolution optical
microscopy. SIM, SMLM and STED are promising methods that ensure liver nanopore
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visualization. Furthermore, their application to live cells and multicolor imaging is a
major advantage of these methods, though the strategy of each technique is adopted
differently. SIM exerts the phase modulation of visible light obtained via a moving grid
with high-frequency pitch to potentially detect structures with a size of 100 nm. SMLM
detects particular fluorophores that are separately emitted in time and space, thus
distinguish one from the other even when they are very close (20 nm). STED utilizes
reduced spot size of the detection light beam, such that only very close fluorophores are
revealed. Primarily, nanoscopes are used by physicists and biophysicists; with their merits
in resolution and live cell capabilities, nanoscopes are expected to be included in most
biological laboratories soon (101, 323, 472).

Thus, in Paper I, we demonstrated a simple and cost-effective <STORM microscope
using off-the-shelf components. The total cost of the microscope was 10% of a
commercial high-end platform. With freely available software from image acquisition to
analysis, we resolved LSEC fenestrations from mice and rat LSECs with a lateral
resolution down to about 50 nm. Mouse and rat LSEC fenestrations are highly similar in
morphology and organization, and are likewise difficult structures to visualize, as it is the
absence of staining that visualizes fenestrations. Background staining and other sources
of noise therefore require extra attention in our case. That said, the industrial CMOS
cameras used in this study provided sufficient wide-field fluorescence image data, easily
detected single blinking fluorescent molecules, and the read noise of about 6.4 electrons
per pixel was not an issue in our study. Additionally, the performance of this particular
CMOS camera was extensively evaluated in a previous study (86). Intracellular structures
were easily visualized at super-resolution with our microscope. Moreover, the LSEC actin
cytoskeleton was also easy to visualize, and the resolution of our microscope enabled us
to see structures resembling fenestrations, which are encircled by a ring of actin (293).

Furthermore, we also investigated the primary cultures of platelets. Features that
particularly captured our interest were super-fine filaments, some thinner than 100 nm,
emanating from their plasma membranes. These filaments were membrane structures
with an actin skeleton and would be sufficiently long and thin to pass through LSEC
fenestrae and, for example, interact with the underlying hepatocytes in the in vivo context,
which has been observed in previous TEM study (300). Given that platelets have a role
in the resolution of fibrosis (218, 219), this super-resolution microscope will be a useful
tool to study the platelet: LSEC “synapse” in future studies.

Additionally, combining two or more super-resolution techniques on the same sample,
adds new dimensions of information to emphasize the advantages of each technique, at
the same time offset individual drawbacks. Such a multimodal approach is known as
correlative super-resolution microscopy, and this offers new opportunities in this
burgeoning field (113, 157).
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Treatments vs. Fenestrae

As mentioned in Section 2.2, fenestrations are dynamic with respect to size and number;
their alterations respond to pharmacological agents (11, 241, 427) and are associated with
disease states such as fibrosis (183). The alteration of fenestrae can have an adverse
influence on hepatocytes and liver function (462).

All three fenestrae-resolvable microscopies (SEM, SIM and dSTORM) have been utilized
in our study, to visualize the in vitro effects of exogenous agents such as xanthines,
sildenafil and oxLLDL regarding alterations of LSEC fenestrations.

Caffeine has been reported to have anti-fibrotic/-inflammatory effects in the liver (5, 66,
158, 184, 379). One of the xanthines, theobromine (also as a metabolite of caffeine, Paper
IT) and sildenafil [Paper II and Hunt, et al. (187)] increased both the frequency and
diameter of fenestrations in cultured LSEC. In most xanthine challenges, the fenestration
diameter was reduced, while there was a simultaneous tendency to increased fenestration
frequency. Theophylline at toxic concentrations induced significantly increased LSEC
porosity, which is a function of both fenestration frequency and diameter.

OxLDL is a major atherogenic substance (15, 479), mainly removed by cells lining in the
liver sinusoids (238, 429). In our study(Paper III), we tested the effect of both mildly
oxLDL; and heavily oxLDLy4. Previous studies have shown that heavily oxLDL was
taken up both by Kupffer cells and LSECs (429), and mildly oxLDL was only recognized
by LSECs (233). This indicates that LSECs play an important role in eliminating plasma
oxLDLs, which demonstrates the importance of the liver cell clearance system in the
prevention of cardiovascular disease (180, 192, 386).

In Paper III, oxLDL challenge caused major disruptions in LSEC fenestration
ultrastructure — increasing oxLDL concentration and oxidation levels aggravated the level
of disruption that manifested as loss of sieve plates, fusion of fenestrations within sieve
plates, and gap formation in LSECs. Importantly, these effects were not uniform across
all LSEC. Similar to the previous in vivo finding (327), which showed similar negative
effects(reduced fenestration), our in vitro investigation on rat LSECs with relevant
concentrations appeared with more profound alterations on fenestrations: smaller
fenestrations are disappearing or become smaller in our study. Moreover, the loss of sieve
plates demonstrated on our SEM results, was apparent in previous that in vivo finding
(327), though was not discussed by those authors.

Furthermore, the potential for live imaging on SIM was a leading advantage (43, 374).
Our real-time live imaging visualized the progression of changes in LSEC during the
challenge with oxLDLs (80 pg/mL) within 30 minutes (20 time-points). Mildly oxidized
oxLDL; in our in vitro findings elicited a slower response than heavily oxidized oxLDL,,
on LSECs with regard to alterations in morphology. However, after sufficient time
oxLDL; will elicit similar structural changes as the heavily oxLLDL,, does in the early
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stages. Thus, we speculate mildly oxLDL with a longer circulatory life may act “like”
heavily oxLDL for pathogenic properties as a physiological proatherogenic molecule (28,
453).

Additionally, LSEC maintained the ability to endocytose ligands irrespective of the
type/concentration of oxLDL. However, increasing oxidation levels and concentrations
of oxLDL inhibited LSEC mediated degradation of the endocytosed ligands. This would
suggest that the early endocytic machinery continues to function as (essentially) normal,
but subsequent steps in the endo-lysosomal pathway are inhibited by oxLLDL. This might
be at the level of intracellular transport from endosomes to lysosomes, such that oxLDL-
mediated disruptions to LSEC morphology may disrupt intracellular transport routes.
Another possibility is that heavily oxidized oxLLDL, with all its chemical modifications,
causes lysosomal “indigestion” and renders the lysosome less able to degrade other
substrates (such as FSA) as well (156). LDH release was only slightly increased after
oxLDL challenge, irrespective of the type/concentration of oxLDL, which indicates that
the cell membranes are still largely intact and functional even after 2 hours of oxLDL
challenge (80 pug/mL).

Long-Term Preservation Challenge

Finally, the challenge of the rapid loss of fenestrations and scavenging function in LSEC
was solved by a cryopreservation approach for freshly isolated LSEC. It was previously
reported that the endocytic ability decreases sharply thereafter and ceases around day 4
(49); the disappearance of fenestrae occurs in the same period (55). For the sake of having
functional fenestrae in our in vitro study, we normally experiment within the same day
after isolation the cells to avoid the loss of fenestrae progression.

Cryopreservation is a prevailing topic of high importance for biological materials such as
cells, tissues and organs. It enables the standardization of experimental work. It is widely
accepted as a preferred technique for achieving long-term storage (9, 228). Prior to our
Paper IV study, cryopreservation studies with regards to LSECs were non-existent, we
achieved LSECs that retained functional and morphological characteristics upon thawing
and culturing. By developing such that, LSECs can be used at researchers’ convenience,
rather than directly after isolation from livers.
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CONCLUSION

New microscopy methods have been developed to look at very small filter holes
(fenestrations) in liver cells. These holes are crucial for good health, and our new methods
are helping us to find ways to keep these fenestrations during aging and liver disease.
These methods have helped to show that theobromine (from chocolate) and sildenafil
(a.k.a Viagra) appear to be beneficial for LSEC fenestrations in in vitro experiments.
These findings are still to be confirmed in vivo in animal models. We also showed that
oxidized LDL has very negative in vitro effects on LSEC fenestrations and morphology.

Specifically, the main conclusions were:

Paper I demonstrated the effectiveness of a custom-built SMLM microscope to perform
super-resolution imaging of primary cells for only a fraction of the cost of a commercial
microscope for SMLM. We believe that our work will contribute to the strong current
movement of democratizing the access to super-resolution microscopy, making super-
resolution available to a wide range of laboratories as a routine lab microscope.

Paper 11 shown in vitro xanthine treatments with caffeine, theobromine, theophylline and
paraxanthine elicit changes in fenestration size, porosity and frequency in rat LSECs.
Caffeine in high doses may have an inhibitory impact on the uptake of soluble
macromolecules, and increase smaller-sized fenestrations in LSECs. Theobromine in
physiological dose increases fenestration frequency and porosity in rat LSECs. These
findings remain to be confirmed in vivo. However, if theobromine elicits similar effects
in animal studies, it might prove to be a useful (and simple) intervention - via chocolate
- to improve LSEC porosity in elderly people.

Paper III demonstrated oxLDL disrupts LSEC morphology in vitro, manifesting as loss
of sieve plates, fusion of fenestrations and large gap formation. However, LSEC remains
viable and maintain scavenging functionality during oxXLDL challenge, suggesting these
cells are functionally robust in the presence of this cytotoxic compound.

Paper IV reported a protocol to cryopreserve rat LSECs that, upon thawing, maintain full
LSEC-signature features: fenestrations, scavenger receptor expression and endocytic
function on par with freshly isolated cells. We have confirmed these features by a
combination of biochemical and functional techniques, and super-resolution microscopy.
Our findings offer a means to standardize research using LSECs, opening the prospects
for designing pharmacological strategies for various liver diseases, and considering
LSEC:s as a therapeutic target.
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Abstract: Single-molecule localization microscopy
(SMLM) provides a powerful toolkit to specifically resolve
intracellular structures on the nanometer scale, even
approaching resolution classically reserved for electron
microscopy (EM). Although instruments for SMLM are
technically simple to implement, researchers tend to
stick to commercial microscopes for SMLM implementa-
tions. Here we report the construction and use of a “cus-
tom-built” multi-color channel SMLM system to study
liver sinusoidal endothelial cells (LSECs) and platelets,
which costs significantly less than a commercial system.
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This microscope allows the introduction of highly afford-
able and low-maintenance SMLM hardware and meth-
ods to laboratories that, for example, lack access to core
facilities housing high-end commercial microscopes for
SMLM and EM. Using our custom-built microscope and
freely available software from image acquisition to analy-
sis, we image LSECs and platelets with lateral resolution
down to about 50 nm. Furthermore, we use this micro-
scope to examine the effect of drugs and toxins on cellular
morphology.

Keywords: liver; endothelium; optical nanoscopy; fenes-
tration; platelet.

1 Introduction

The diffraction limit of visible light (~200 nm for blue
wavelengths) prevents our use of conventional light
microscopy to study a number of biological structures,
such as fenestrations (cellular pores <200 nm that allow
free passage of molecules through cells), mitochondrial
ultrastructure, super-fine filopodia, the clustering of fila-
mentous proteins, membrane channels, and many other
structures. Previously, such structures were only visible
through the use of electron microscopy (EM) on fixed and
dehydrated samples, resulting in conclusions where their
relevance to hydrated or possibly even living cells is often
questionable. Such ultrastructures are of particular bio-
logical relevance for the liver and general physiology.

In the human liver, fenestrated liver sinusoidal
endothelial cells (LSECs) are an abundant cell type with
a total surface area matching that of a tennis court. The
fenestrations, which are arranged in groups within “sieve
plates,” act as plasma filters allowing the passage of nano-
particles, such as lipoproteins, as well as biomolecules and
drugs from the plasma for processing by the surrounding
hepatocytes [1, 2]. Products secreted by hepatocytes, such
as albumin, need to pass through LSECs in the reverse
direction to be released to the plasma. As we age, our

3 Open Access. © 2019 Hong Mao et al., published by De Gruyter. This work is licensed under the Creative Commons Attribution 4.0

Public License.
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LSEC fenestrations become smaller and fewer during age-
related defenestration/pseudo capillarization [3]. In addi-
tion, a number of compounds/toxins increase/decrease
fenestration size or ablate them completely [4, 5]. LSECs
also interact with circulating cells such as T-lymphocytes
[6] and leukocytes [7], and LSEC fenestrations allow inter-
actions between the villi of circulating T-lymphocytes and
the underlying hepatocytes [6]. Platelets, on the other
hand, have been proposed to improve liver fibrosis and
accelerate liver regeneration [8, 9] via interactions with
liver sinusoidal cells.

Platelet interactions with hepatocyte Ashwell-Morell
receptors have been proposed as regulating hepatic throm-
bopoietin production [10]. For this to occur, these platelets
would necessarily need to interact first with LSECs to reach
the underlying hepatocytes. Indeed, Li et al. [11] proposed
a model whereby platelets in liver sinusoids interact with
hepatocyte microvilli penetrating LSEC fenestrations. The
same authors proposed that Kupffer cells (liver sinusoidal
resident macrophages) clear desialylated platelets bound
to LSECs in this manner.

Multiple agents can affect LSECs and their fenestra-
tions, for example, in sizes or numbers. Nicotinamide
mononucleotide (NMN) is a metabolite crucial for the
regulation of nicotinamide adenine dinucleotide (NAD")
biosynthesis through the NAD* salvage pathway [12, 13].
Sildenafil is a medication used to remedy erectile dys-
function and pulmonary arterial hypertension [14]. A
previous LSEC study showed increased frequency of fen-
estrations with NMN and sildenafil treatment, as well as
an increased proportion of small fenestrations, suggesting
the formation of new fenestrations [15].

Typically, fenestrations and microvilli are studied
using methods such as transmission and scanning EM [16—
18]. These methods are very powerful but require large and
expensive equipment, and considerable technical exper-
tise. In addition, while the morphological information from
EM methods is exquisite, it is often challenging to identify
proteins within the revealed structures using methods
such as immune-EM. Therefore, to study primary LSECs
and platelets below the optical diffraction limit, we have
developed a low-cost and small, custom-built single-mol-
ecule localization microscopy (SMLM) [19-21] instrument
capable of visualizing cellular structures simultaneously
in two colors and down to about 50 nm resolution.

Multiple groups have developed approaches for cost-
efficient super-resolution optical microscopy. Studies
have either focused mainly on cost reduction associated
with SMLM equipment [22-24], for example, by character-
izing highly affordable cameras [25, 26], by using the com-
plementary super-resolution modality super-resolution
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optical fluctuation imaging [27], or by focusing on single
particle tracking [28]. These developments have even
included multi-color imaging using sophisticated tem-
poral multiplexing techniques [24] or spectral unmixing
[25]. Specific biological applications have mainly been
limited to proof-of-concept studies, typically resolving the
cytoskeleton or mitochondrial ultrastructure of cultured
cells lines. In contrast, we present a cost-efficient setup for
SMLM using two low-cost cameras that enable traditional
dual-color imaging of spectrally distinct channels at 488
and 647 nm excitation. These channels allow the use of
established protocols for sample preparation and a wide
selection of fluorescent labels. We apply low-cost SMLM,
in the form of direct stochastical optical reconstruction
microscopy (dSTORM), to resolve the ultrastructure and
the structural response of primary cells to specific treat-
ments. The microscope achieves a good compromise of
low cost and small size together with high mechanical
stability, low maintenance, and reliable, long-term opera-
tion. We show the versatility of this setup by imaging the
primary cell types LSECs and platelets with SMLM and
the effects of agents/activation on their morphology. This
SMLM setup is thus a tool for the cost-efficient super-
resolution study of two cell types with a vital role in liver
physiology and regeneration.

2 Materials and methods

2.1 Mouse and rat LSEC production

Sprague Dawley male rats and C57/B16 male mice (Animal
Resource Centre, Murdoch, Western Australia) were kept
under standard conditions and fed standard chow ad
libitum (Glen Forrest, Western Australia). The experimen-
tal 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.

2.2 Cell culture protocols, fixation

Male rats (body weight 300-400 g) and mice (~20 g) were
anesthetized with a mixture of 10 mg/kg xylazine (Bayer
Health Care, CA, USA) and 100 mg/kg ketamine (Ketalar,
Pfizer, New York, NY, USA) in saline, and LSECs were iso-
lated and purified as described [29] and plated in serum-
free RPMI-1640 (Sigma-Aldrich, Sydney, AU) at 0.2x10°
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cells/cm? on fibronectin-coated (Sigma-Aldrich, Sydney,
AU) 16-well chambered #1.5 coverslips (Grace Bio-Labs
CultureWell™ removable chambered coverglass, Sigma-
Aldrich, Sydney, AU) for 3h in RPMI-1640. LSECs were
then fixed with 4% paraformaldehyde (ProSciTech. Pty
Ltd, Thuringowa, AU) in phosphate buffered saline (PBS)
and 0.02M sucrose (Sigma-Aldrich, Sydney, AU), pH
7.2, for 15min, and stored under PBS. After fixation, the
cells were prepared for visualization prior to applying on
dSTORM [30].

2.3 Platelet preparation

Blood from healthy human donors (ethical approval:
Concord RG Hospital Ethics Board no. HREC/15/CRGH/54)
was collected from antecubital fossa via a 21G butter-
fly needle into 3.2% citrate-containing tubes (Becton
Dickinson, Sydney, AU). Washed platelets were prepared
from citrated blood as described [31]. Briefly, platelet-
rich plasma was isolated by brake-free centrifugation
for 10 min at 200 xg and mixed gently by inversion in
a 1:1 ratio with Tyrode’s buffer (137 mm NaCl, 2.5 mm
KCl, 0.5 mm MgCL, 12 mm NaHCO,, 0.36 mm Na,HPO,,
10 mM HEPES, 5.5 mM glucose, and 0.25% human serum
albumin, pH 7.5) containing 1 uM prostaglandin E1 (PGE)),
(Sigma-Aldrich, Sydney, AU). Platelets were then pelleted
by brake-free centrifugation for 15 min at 650 x g, washed
once with Tyrode’s buffer, and pelleted again, before
resuspension in Tyrode’s buffer to 1x10° platelets per
100 pl. The platelets were allowed to rest for 20 min before
further manipulation. The platelets were then plated in
removable chambered coverglass wells (see above) in
Tyrode’s buffer. After platelet wash, 2 U/ml of thrombin
(Sigma-Aldrich, Sydney, AU) was added for 10 min at room
temperature (RT) to stimulate the platelets, followed by
fixation as above.

2.4 Cell staining

All fixed samples were washed with PBS. For membrane
staining, cells were stained with Vybrant DiD (1:200, Ther-
moFisher) for 20 min, or Cell Mask Green (1:1000, Ther-
moFisher) for 10 min at RT, or BODIPY FL C5-Ganglioside
GM1(1:200, ThermoFisher) for 15 min at RT.

For cytoskeleton staining, cells were permeabilized
for 90 s with 0.5% Triton-X100 and washed two to three
times with PBS. Non-specific binding was blocked with 5%
bovin serum albumin in PBS for 45 min at RT. Cells were
incubated with the primary antibody (1:500, monoclonal
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anti-a-tubulin, Sigma-Aldrich, Sydney, AU) for 1 h at RT,
and then washed three times for 10 min with 0.1% PBS
Tween-20. The secondary antibody (1:1000, Anti-mouse
IgG, AlexaFluor 647 or 488 conjugate, CellSignaling,
Arundel, AU) was applied for 1 h at RT. The staining solu-
tion was removed and the cells were then washed with
0.1% PBS Tween-20 (Sigma-Aldrich, Sydney, AU) (three
times for 10 min) then PBS. Phalloidin AlexaFluor 488
(AF488) or AlexaFluor 647 (AF647) (1:40, ThermoFisher,
Sydney, AU) was applied for 20 min at RT. Cells were
washed with PBS.

All samples were mounted in imaging buffer (see
imaging conditions and composition of buffers in
Supplementary Tables 1 and 2, respectively). We used
either OXxEA [Oxyrase-based oxygen depletion sup-
plemented with B-mercaptoethylamine (MEA), Sigma-
Aldrich, Sydney, AU] buffer [32] [3% (v/v) Oxyfluor,
Oxyrase Inc. Mansfield, 40.5 units/ml], GODCAT-1 (glucose
oxidase and catalase-based oxygen depletion and hydro-
gen peroxide depletion) buffer [33] [50 pug/ml glucose
oxidase (Sigma-Aldrich, Sydney, AU), 1 ug/ml (50 units)
catalase (Sigma-Aldrich, Sydney, AU), 40 mg/ml glucose
(Sigma-Aldrich, Sydney, AU), 1.25 mM KCl and 1 mM Tris]
including 100 mm MEA, 2.5% glycerol (Sigma-Aldrich,
Sydney, AU) and 200 um Tris (2-carboxyelthyl) phosphine
hydrochloride (Sigma-Aldrich, Sydney, AU), or GODCAT-2
buffer (50 mm MEA, 0.5 mg/ml glucose oxidase, 40 mg/ml
catalase). After the buffer was applied in the cell chamber,
excess buffer was removed by sliding a coverslip onto the
chamber to prevent oxygen permeation.

2.5 Imaging

Rat (Figures 1D, 3, 4) and mouse (Figures 1C, 5) LSECs were
imaged on the custom-built dSTORM setup described
below, using 488 and 647 nm lasers (Coherent, Santa Clara,
CA, USA) and two CMOS cameras (IDS-Imaging Develop-
ment Systems, Obersulm, DE). A 60 x /NA =1.49 oil immer-
sion total internal reflection fluorescence (TIRF) objective
lens (Olympus, Center Valley, PA, US) or a 60x /NA=14
oil immersion objective lens (Olympus, Center Valley, PA,
US) was used. For dual-color images, first the deep red
channel (647 nm excitation) was imaged, followed by the
green (488 nm excitation) channel. In general, 20,000 to
45,000 frames were collected at 50 to 100 fps with image
sizes of 344 x344 or 400x 400 pixels for rat LSECs, and
144 x 144 or 200 x 200 pixels for platelets. CMOS cameras
were controlled via Micro Manager [34], using a modified
device adapter [26]. The lasers were controlled using the
manufacturer’s software.
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2.6 Optical setup

Our custom-built wide-field dSTORM microscope uses
two solid-state lasers of 488 and 647 nm wavelengths
(Figure 1). The latter is fiber-coupled to allow for easy
handling. After adjusting the beam diameters using a
collimation lens and/or telescopes, the beams are over-
laid via a dichroic mirror and focused onto the back
focal plane of the objective lens for sample illumination.
Mounting the relevant parts of the illumination unit on a
translatable stage allows for easy switching between epi-
fluorescence (epi), highly inclined and laminated optical
sheet (HILO) [35], and TIRF [36] configuration. The

A

488 nm
laser
647 nm
laser

Bandpass
+ longpass

Figure 1: The cost-efficient dual-color dSTORM microscope.
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system has sufficient degrees of freedom such that both
lasers can be optimally aligned to illuminate a sample
mounted on an xy-stage. Focusing is performed manu-
ally by a precise z-translation stage holding objective
lens. The fluorescence emission is separated from excita-
tion by a dichroic mirror and the emission is further sep-
arated by emission wavelength using a second dichroic
mirror. A detailed part list together with assembly and
alignment instructions is supplied in the Supplementary
material.

We placed a separate tube lens into every detec-
tion path behind the dichroic excitation beam splitter.
In doing so, the collimated, but not focused, part of the

D TIRF excitation

Schematic (A) and photograph (B) of the microscope showing the free standing 488 nm and fiber pig-tailed 647 nm laser that are combined
by a dichroic mirror. The lasers are focused to the back focal plane of the high NA objective lens, while a translatable stage allows for
shifting the focus in the back focal plane and therefore to conveniently switch between epi, HILO (C), and TIRF (D) illumination. The

fluorescence collected by the objective lens is separated from the excitation and spectrally split onto two CMOS cameras. (B) Mounting the
optical components into a cage system results in high mechanical stability. Open space on the black breadboard shows that the 0.5 m? used
could in principle have been reduced by a factor of about 2. However, this layout was chosen to provide the option of including further lasers
of different wavelengths. dSTORM images of both (C) Vybrant DiD stained mouse LSECs using HILO illumination (inset) and (D) Vybrant DiD
stained rat LSECs using TIRF illumination visualize sub-diffraction limit sized membrane fenestrations at high image quality. Insets in (C)
and (D) show fenestrations within sieve plates in more detail.
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beam is transmitted through the dichroic beam splitter.
In contrast, using a single tube lens for both channels
would require its placement before the dichroic beam
splitter. Arimoto and Murray showed that a tilted glass
plate can cause serious aberrations when transmitting a
focused beam in a medium of a different refractive index
[37]. This effect is avoided in our setup, where the dichroic
beam splitter results in a minor lateral displacement of the
beam, but does not lead to serious optical distortions.

Raw data were acquired using a dedicated industry-
grade CMOS camera in each color channel. Multiple
industry-grade CMOS cameras that feature sufficiently low
noise and high sensitivity are available [22, 25]. We chose
a camera model using the Sony IMX174 sensor (UI-3060CP
Rev.2; IDS-Imaging Development Systems, Obersulm, DE),
which we previously characterized extensively and found
to perform close to a commonly applied scientific-grade
camera, but at a fraction of the cost [26]. The quantum
efficiency of the sensor is about 77% at 520 nm and about
45% at 676 nm [26]. The detector characterization was
performed using multiple thousands of frames recorded
at different light levels as described by Huang et al. [38]
and Diekmann et al. [26]. Data for the cameras used in this
study can be found in the Supplementary information of
Diekmann et al. [26] (Supplementary Figures 2—-4, CMOS
2 and CMOS 3). To provide an impression of the quality
of the raw data we collected, we provide 500 frames each
for the images shown in Figures 3A, E, 5H and 6A as Sup-
plementary data.

2.7 Image reconstruction

The freely available software package Fiji [39] was used
for image processing and analysis, including dSTORM
reconstruction [40], registration of multi-color images
(bUnwarp] plugin [41]), super-resolution image analysis
(SQUIRREL plugin [42]) particle size measurement, line
profile measurements, application of look-up tables, crop-
ping, and image export.

The projected pixel size was determined by a cali-
bration sample and deviated less than 2% from the
theoretical value of 109.9 nm. After finding the single-
molecule positions with sub-pixel accuracy using the
single emitter fitter of ThunderSTORM, post-processing
with drift correction (ThunderSTORM, using the image
cross-correlation algorithm, number of bins=3-7; mag-
nification=5) was applied if necessary. Localization
merging within subsequent frames and spatial proxim-
ity as well as filters based on the localization table was
applied subsequently, if necessary. Other super-resolved
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images were reconstructed using the free software
rapidSTORM [43] (Figure 4A-F and H, I, K, L). In rapid-
STORM, we used the same pixel size as ThunderSTORM.
rapidSTORM is stand-alone software requiring the user
to specify the workflow of the fitting and reconstruction
algorithm by choosing certain modules. To do so, the
“Count localizations,” “Display progress,” and “Cache
localization” modules were added under the “dSTORM
engine output” module to process the data and the
“Expression filter” output module was added under the
“Cache localization” module to allow for filtering based
on the individual localization properties such as photon
count. Furthermore, the “Localizations file” and “Image
display” modules were displayed under the “Expression
filter” module to have the data stored and the image dis-
played accordingly.

2.8 Fenestration and actin quantification

Fenestration detection and actin stress fiber detection
were performed using the pixel classification workflow
in the freely available machine learning image process-
ing software Ilastik [44]. For the fenestration size analy-
sis, the two classes of fenestrations and membranes were
manually annotated and iteratively refined in a few loca-
tions for every cell, but the same classification was used
for all cells. The automatically segmented fenestrations
were then exported to Fiji [39]. The size was determined
using Fiji’s “Analyze Particles” plugin with a circularity
of 0.6-1.0. The resulting table was imported into MATLAB
(Mathworks); the area was translated to the diameter of
a corresponding circle of the same area and filtered for
diameters ranging from 54 to 401 nm prior to binning. For
the actin stress fiber analysis, the three classes of actin
stress fibers, other actin fibers, and background were
manually annotated and iteratively refined in a few loca-
tions for every cell, but the same classification was used
for all cells. The segmentation was exported to Fiji and
the area covered by the stress fibers and the entire actin
network was determined from the segmentation.

3 Results

3.1 Schematic of the low-cost microscope
for SMLM

Our custom-built microscope is shown in Figure 1A
and B. A full list of all components, their suppliers/
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catalogue numbers, cost, and detailed assembly instruc-
tions is provided in the Supplementary material. Fluo-
rescence is excited with 488 and 647 nm lasers and
the emission is split into two cameras for conventional
dual-color imaging. The optical breadboard (Figure 1B)
has sufficient “free real estate” to house more lasers and
cameras if desired, and the dichroic filter used allows
for the additional inclusion of, for example, 405 and
532 nm lasers.

3.2 Cost-saving features

We evaluated the use of available objective lenses from
our obsolete microscope park to reduce costs even further.
We anticipate that many biomedical laboratories face
a similar situation, where spare, high-quality objective
lenses (e.g. from obsolete confocal microscopes) are avail-
able. Directing the lasers via a translatable stage into
our microscope (Figure 1A) allows the use of standard
(i.e. non-TIRF) objectives for epi and HILO illumination.
Using an oil-immersion 60 x /NA =1.40 objective lens from
an obsolete Olympus microscope, individual fenestra-
tions of mouse LSECs were resolvable with dSTORM [30]
(Figure 1C, inset). Due to diffraction-limited resolution,
fenestrations sized below 200 nm cannot be visualized
in conventional wide-field imaging with the same objec-
tive. For comparison, a TIRF lens on the same microscope
can similarly be used to resolve individual fenestrations of
rat LSECs (Figure 1D). Given that the 60 x TIRF objective
we acquired specifically for this microscope costs €6350,
using spare objectives instead would represent significant
savings.

In many cases, SMLM microscopes are set up on
vibration dampened optical tables. If these microscopes
are not mechanically isolated, oscillations from the
environment (e.g. air conditioning units, etc.) can easily
exceed the spatial resolution this microscopy can achieve
and thus attenuate the quality of the super-resolution
images. To mechanically isolate our microscope, without
the cost of a dampened optical table, we set the micro-
scope up on an aluminum breadboard placed on an
inflated bicycle inner tube at a relative pressure of 0.5
bar (Figure 2A). Inclusion of this inner tube significantly
reduced vibrations, as shown by the repeated localiza-
tion of the center of bright, fluorescent beads of 100 nm
diameter (Tetraspeck; ThermoFisher) (Figure 2B). The
achieved full-width-at-half-maximum (FWHM) values
for the localization cloud from one bead of 7.9 nm corre-
spond to an effective precision of about 3.3 nm. This pre-
cision is much better than what we achieved localizing
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single molecules in dSTORM experiments (Figure 3);
hence potential remaining vibrations are not a major
resolution-limiting factor.

For further savings, we chose not to build the micro-
scope around a costly conventional microscope body, but
set up the microscope using almost exclusively off-the-
shelf optics and optomechanical components. This pro-
vided us the flexibility to plan and build it such that high
mechanical stability with very low lateral drift of less
than 50 nm over more than 1 h was achieved (Figure 2C).
Additional axial drift can lead to the loss of the focus
over time. We tested multiple options for high mechani-
cal stability without the need for costly active compo-
nents (such as piezo actuators and position sensors) and
found a z-translator that achieved almost perfect focal
stability. Our 2D imaging experiments do not allow us to
access the z-position directly, but the high focal stabil-
ity is indicated by the median value of the point spread
function FWHM remaining almost constant over more
than 1 h (Figure 2D). Although lateral drift in particu-
lar could not be prevented entirely in all experiments, a
conventional drift correction routine was able to correct
for the residual drift and restore fine image details such
as fenestrations in LSECs (Supplementary Figure 2C and
D). Other image reconstructions did not require drift cor-
rection at all (Figure 3A and B). Noticeably, the image
shown in Figure 3A was recorded 11 months after the
microscope was originally set up and no further optical
realignment had been performed during this time. This
is another indicator for the high mechanical stability of
the microscope, not only allowing for long-term SMLM
image acquisitions but also resulting in low maintenance
requirements.

While a UV laser (such as 405 nm) is a preferred
choice for active photo-switching of dyes to the fluores-
cent on-state in SMLM modalities such as dSTORM, we
did not include it in our setup to reduce costs and com-
plexity. However, the existing 488 nm laser can also be
used for effective photo-switching of organic dye mole-
cules that are excited using the 647 nm laser (Figure 2E).
The 488 nm laser can therefore serve the two purposes
of (1) exciting dyes in the green spectral region and (2)
photo-switching dyes of the far-red spectral region.

For dual-color imaging, the excitation profiles can be
optically well aligned to illuminate the same part of the
sample (Figure 2F). On the other hand, optical alignment
alone of the two emission channels left residual devia-
tions of more than 400 nm locally (Figure 2G), giving
rise to the need of post-acquisition registration which,
however, is a standard procedure in traditional multi-
color imaging.
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Figure 2: Mechanical and optical characterization of the custom-built dSTORM microscope.

(A) Side view of the microscope setup showing the bicycle inner tube for vibration damping. (B) The vibrations of the microscope are
characterized by the repeated, high frame rate localization of the center of a sub-diffraction limit sized fluorescent bead. When damping the
vibration with the inner tube in place, the remaining motion blur is well below the resolution of the microscope. (C) Plot of lateral drift as a
function of time for repeated localizations of a fluorescent bead shows that the drift is below 50 nm over more than 1 h. (D) The point spread
function width does not considerably change during this time, indicating high focus stability. (E) Vybrant DiD localizations as a function of
time when using the 647 nm for fluorescence excitation and the 488 nm laser for photo-switching to the on-state in defined time intervals.
(F) The different lasers are well overlaid for sample illumination using a beam profile that maintains about 80% of its peak intensity over

a disk of 40 um in diameter. (G) The color channel transformation between the two channels (transforming the green onto the deep red
channel) measured by beads simultaneously emitting in both channels.

3.3 Visualizing the nanoscale architecture of Deep Red, Vybrant DiD, and antibodies or phalloidin

LSEC plasma membranes and the actin conjugated with AlexaFluor 647 (AF647), AlexaFluor 488
cyto skeleton (AF488), or Atto488 [45-47]. We tested a variety of buffers

and stains on LSECs and platelets (Supplementary Note 1).
LSEC membranes (and the fenestrations within) as well Phalloidin-AF488 in OXEA buffer resulted in actin images of
as the cytoskeleton have previously been visualized by high quality (Figure 3A-D), while Vybrant DiD in GODCAT
dSTORM super-resolution microscopy using Cell Mask buffer resulted in membrane images of high quality (Figure
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3E-H). These are indicated by SQUIRREL analyses [42]
showing a resolution-scaled Pearson coefficient better than
0.9 (Figure 3C and G). The resolution-scaled error (RSE) par-
ticularly increases in regions of higher actin density (Figure
3C) and membrane structures distant from sieve plates,
both possibly because of multi-emitter artifacts due to the
relatively high emitter density (Figure 3I). However, the low
RSE values in regions of sieve plates confirm the ability of
analyzing the fenestration size at high confidence [46]. Due
to the relatively low quantum efficiency of the industry-
grade CMOS cameras in our microscope, observed photon
counts per localization (Figure 3J) as well as background
signal (Figure 3K) were not as high as in former studies [46]
and [45], resulting in average localization precisions of 20
to 24 nm (Figure 3L). The particularly good Fourier ring cor-
relation (FRC) resolution [48] of down to 38 nm (Figure 3H)
correlates with regions of bad RSE values (Figure 3G), con-
firming other researchers’ findings that the FRC resolution
might be an inferior resolution metric in SMLM [49, 50]. As
suggested by Legant et al. [49], we additionally calculated
the geometric sum of 2.4 times the mean localization pre-
cision (i.e. inferring the best possible resolution from the
localization precision) equal to 57.8 nm and the 10 times
oversampled Nyquist-limited resolution equal to 10.4 nm
that we estimated from the localization sampling of the
plasma membrane of 3 million localizations per 81 um?
(Figure 3F). The resulting estimated resolution is 58.7 nm.
As the resolution can be locally slightly increased, we

RSP = 0.915
RSE = 7.353

10 pm

Figure 3: dSTORM imaging quality characterization.
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conclude that we can measure fenestration sizes down to
approximately 54 nm in our dASTORM images.

The dense localization sampling of the plasma mem-
brane that allows for this high Nyquist resolution is particu-
larly challenging for the SMLM fitting and reconstruction
software. The SMLM community has produced a magnifi-
cent amount of different software solutions for SMLM data
reconstruction, post-processing, and analysis [51, 52]. While
it is beyond the scope of our work to extensively compare
and evaluate the broad variety of software packages, we
would like to point out the two software packages we used
for image reconstruction in this study. ThunderSTORM [40]
is a good option for inexperienced users since it comes as
an Image]J/Fiji plugin [39]. The user can therefore navigate
in an environment already familiar to many researchers
in the field of fluorescence microscopy. While Thunder-
STORM also offers experienced users the options to tweak
many parameters of the reconstruction pipeline, its default
settings often yield respectable results, making it a good
choice even for inexperienced users. However, reconstruct-
ing images of LSEC membranes is a particularly challeng-
ing task due to the high localization density. A lot of single
emitter events must first be fitted for one reconstruction of
high quality and then also be stored in the memory. Unfor-
tunately, ThunderSTORM runs relatively slowly during
the fitting algorithm and demands a lot of memory, easily
filling the memory even for a high-end desktop computer.
We therefore used rapidSTORM [43] as a complementary
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option for SMLM data reconstruction. As suggested by its
name, it runs relatively quickly during the reconstruction
and furthermore is relatively memory efficient. This made
it our preferred choice for reconstruction of the membrane
structure. The two different software packages Thunder-
STORM and rapidSTORM produced comparable results
when reconstructing the same data set of immunostained
tubulin recorded with our microscope (Supplementary
Figure 1B and C). Both reconstructions show the significant
resolution improvement as compared to the diffraction-lim-
ited wide-field image that we recorded before acquiring the
dSTORM data (Supplementary Figure 1D).

3.4 dSTORM imaging of LSECs challenged
with exogenous agents

Recently, a number of agents (NMN and sildenafil among
others) were demonstrated to enhance fenestrations
size and number in LSECs from aging mice, as visual-
ized with scanning EM [15]. We tested these agents in
our optical super-resolution microscope (Figure 4)
and visualized changes in the actin cytoskeleton in
cells treated with NMN (Figure 4B and E) and sildena-
fil (Figure 4C and F). Especially on sildenafil treatment,
actin stress fibers became clearly pronounced (Figure 4M)
as measured in a machine learning assisted workflow
(Methods, Supplementary Figure 4). F-actin in the sildena-
fil-treated cells appears to be generally more condensed,
and the actin rings (arrows, Figure 4E and F) that typically
delineate fenestrations [47] are more pronounced in both
NMN and sildenafil-treated cells. We also noted similar
changes in fenestration size (Figure 4H, I, K, L) as reported
in [15]. NMN and sildenafil increased the median fenes-
tration diameter by 5% and 30%, respectively (Figure 4N).
While the use of EM for the quantitative analysis of fen-
estration morphology is a well-established tool, the use
of dSTORM for the same purpose makes certain steps in
the workflow (such as sample preparation) much easier,
and, in particular when using a low-cost implementation
as presented here, drastically lowers the instrument cost.
Furthermore, the use of fluorescence super-resolution
microscopy combines high resolution with specificity
such that the users can get the best of both worlds, which
makes quantitative actin analysis accessible.

3.5 Super-resolution imaging of lipid rafts
on LSECs

Svistounov et al. [53] previously demonstrated the pres-
ence of lipid rafts on LSECs and proposed that these
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play a role in the regulation of fenestration size. Using
our microscope, we found that Bodipy FL C5-ganglioside
GM1 (BodipyGM1), a lipid raft stain, photo-switches in
GODCAT-1 buffer. This confirms the work of Bittel et al. [54],
who recently reported photo-switching of Bodipy FL for
dSTORM. Interestingly, the C5-ganglioside GM1 conjugated
form of Bodipy FL not only visualized lipid rafts but also
stained all of the LSEC plasma membrane, with some areas
of higher localization density probably being indicative of
lipid rafts (Figure 5A and B). We achieved a sufficiently
low blinking density to allow for high-resolution dSTORM
imaging of the LSEC plasma membrane (Figure 5B and
C), at a mean photon count of 831 photons per localiza-
tion (Figure 5D), together with a mean background of 102
photons (Figure 5E), resulting in an average localization
precision of about 19 nm (Figure 5F). The mean on-state
lifetime was 1.7 frames per fluorophore (Figure 5G) when
using single frame exposure times of 20 ms. Interestingly,
fenestrations were also visible with BodipyGM1 staining
(Figure 5B, H, and I), allowing the simultaneous imaging of
fenestrations and structures (lipid rafts) that are proposed
to regulate their size [53]. Choosing a look-up table with
high contrast throughout a large scale, Figure 5H shows
how the low-density BodipyGM1 staining (blue) is distrib-
uted over the entire cell and visualizes fenestrations. The
high-density of BodipyGMI1 staining (green to white) is dis-
tributed throughout the cell in discrete points, long sinuous
structures, or patches. Figure 51 shows one such patch
(arrow) adjacent to a sieve plate (dashed circle), which also
contains some discrete punctuated BodipyGM1 staining
within. The long sinuous patches have been reported previ-
ously on BodipyGM1-stained LSECs using TIRF microscopy
[53]. We attempted double staining of LSECs with Vybrant
DiD and BodipyGM1 on our setup, but were not successful.
However, we achieved this co-staining using structured
illumination microscopy (not shown) where we saw some
overlap of BodipyGM1 and Vybrant DiD staining. This is to
be expected since lipid rafts are membrane structures, but
there were areas where BodipyGM1 staining was elevated
relative to Vybrant DiD staining, and therefore indicative of
elevated lipid raft membrane components.

3.6 Imaging platelets by dSTORM

Given that platelets play an active role in the resolution
of hepatic fibrosis and liver regeneration [8, 9], we also
investigated the utility of our microscope for the study
of these cells. We successfully tested phalloidin-AF647
(actin stain) and Vybrant DiD (membrane stain) (Figure 6,
Supplementary Figure 5). Unstimulated discoid platelets
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Figure 4: Membrane and actin staining in LSECs treated with NMN and sildenafil.

(A—F) dSTORM images of drug-treated rat LSECs in OxEA buffer, stained for actin with phalloidin-AF488: (A, D) Control; (B, E) 333 pug/ml NMN;
(C, F) 60 ng/ml SIL. Insets (D—F) show a detailed comparison of drug effects compared to controls. Arrows in E and F indicate actin rings that
typically delineate fenestrations. (G-I) Images of drug-treated rat LSECs, stained with Vybrant DiD in GODCAT-1 buffer, (G, J) Control; (H, K)
NMN; (I, L) SIL. (M) Plot of relative percentage of stress fibers as a total of actin staining vs. control, NMN and SIL treatment (n=1 for each
point). The relative proportion of stress fiber actin within total actin increases particularly upon SIL treatment. (N) Histogram of occurrence vs.
fenestration size after challenge with NMN and SIL. Fenestration size increases after NMN and SIL treatment. All imaging was in TIRF mode.
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Figure 5: Bodipy FL C5-ganglioside GM1 visualizes lipid rafts and fenestrations.

(A) Diffraction limited and (B) dSTORM images of BodipyGM1-stained mouse LSECs show the resolution enhancement in the dSTORM image,
where membrane fenestrations become visible. (C) Representative raw data of photo-switching BodipyGM1 in subsequent frames of the area
indicated by the box in (A). (D-G) show the single molecule (Bodipy) localization statistics as photon counts per localization, background,
localization precision and on-state-lifetime histograms. (H) An entire LSEC stained with BodipyGM1 processed with a high-contrast look-up
table. Blue indicates low-density BodipyGM1 staining, while green to white indicates high-density BodipyGM1 staining. (I) The inset from (H)
shows the proximity of a sieve plate (encircled with white dashes) to a putative lipid raft (indicated by a white arrow).

adopt a round shape on contact with imaging surface of platelets [55]. Double staining allows the relationship
(Figure 6H-], Supplementary Figure 5A and B). After between actin and membrane to be visualized in these
thrombin stimulation, platelets begin to spread and structures (Figure 6M).

actin-rich cell protrusions (filopodia) forming a spindle-

like morphology appeared (Figure 6K-M, Supplemen-

tary Figure 5C and D). Up to 7 um long and about 100 nm 3.7 Evaluation of double-staining

wide filopodia were often seen emanating from the plate- methodologies with our microscope

let plasma membrane in thrombin-stimulated platelets

(Figure 6M). Filopodia are characterized by organized By screening a combination of dyes allowing for multi-
actin fibers arranged in parallel bundles, while lamellipo- color dSTORM imaging of platelets, we discovered that
dia are intermediate areas between individual filopodia the membrane stain Cell Mask Green (Figure 6A) photo-
in which the actin is orthogonal to the membrane. These switches in GODCAT-1 buffer. To the best of our knowl-
structures have previously been reported in EM studies edge, photo-switching of Cell Mask Green has not been
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(A) Diffraction limited and (B) dSTORM images of Cell Mask Green stained thrombin-stimulated platelet plasma membrane extensions.

(C) Representative raw data of photo-switching Cell Mask Green in subsequent frames of the area indicated by the box in (A). (D-G) The single
molecule localization statistics (Cell Mask Green) as photon counts per localization, background, localization precision and on-state-lifetime
histograms. (H-M) Dual-color dSTORM images of human unstimulated (H-J) and thrombin stimulated (K-M) platelets stained with phalloidin
AF647 (H, K) (purple) and Cell Mask Green (I, L) (green). (J, M) merged phalloidin AF647 and Cell Mask Green images. (N) The line profile
analysis of (M) regions 1, 2, and 3 indicated within the figure shows that the ultra-thin membrane projections contain polymerized actin (white
arrow in (K)). The numbers report the FWHM values of the membrane and actin structures, respectively. Imaging was performed in TIRF mode.

reported previously, and this enabled dSTORM imaging
of the platelet membrane (Figure 6B). Sparse single-
molecule blinking occurred at illumination intensities of
620-2330 W/cm? from the 488 nm laser (Figure 6C). Single
molecules were detected at a mean photon count of 937
photons per localization (Figure 6D) and a mean back-
ground of 45 photons (Figure 6E). The resulting average
localization precision was 36 nm (Figure 6F) and the mean
on-state lifetime was 1.6 frames per fluorophore when
using single frame exposure times of 10 ms (Figure 6G). We
used Cell Mask Green to co-stain and simultaneously image
actin using phalloidin AF647 in the same buffer (Figure
6H, J, K and M). Using this strategy for dSSTORM, we found

that the ultra-thin membrane projections (Figure 6M) con-
tained a scaffold of polymerized actin (Figure 6K-N).

4 Discussion

In this work we demonstrate a simple and cost-effective
dSTORM microscope using off-the-shelf components. The
total cost of the microscope, including the new TIRF objective
lens, was about €30,000 (Supplementary material). Using
objective lenses from obsolete microscopes, and low-end
lasers [23], this can be reduced to about €15,000. However,
we chose higher quality lasers to guarantee stability and
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low maintenance for microscope users with little experience
in handling lasers and other optical components. Further-
more, air tables costing in the range of €7000-15,000 are
unnecessary, as using a bicycle inner tube under our bread-
board was sufficient to isolate building vibrations.

With our custom-built SMLM microscope, we resolved
LSEC fenestrations from mice and rat livers. Mouse and rat
LSEC fenestrations are highly similar in morphology and
organization, and are similarly difficult structures to visu-
alize, as it is the absence of staining that visualizes a fenes-
tration. In this context, background staining can obscure
the structure. Background staining and other sources
of noise therefore require extra attention. That said, the
industrial CMOS cameras used in this study provided suf-
ficient wide-field fluorescence image data, easily detected
single blinking fluorescent molecules, and the read noise
of about 6.4 electrons per pixel was not an issue. While the
performance of this particular CMOS camera was exten-
sively evaluated in a previous study [26], we note that there
are other, even cheaper industry-grade cameras available
[22, 25]. Additionally, other microscope components such
as optomechanics might in principle be replaced by other
manufacturers’ solutions or custom-made parts. This
opens up the possibility of choosing the ideal hardware for
the specific applications of advanced users.

Advanced users can also easily start from our build
(which is documented in detail in the Supplementary mate-
rial) and modify it according to their needs. Many groups
have described solutions for cost-effective, small, and
accessible microscopes for SMLM [22-25, 28, 56]. We would
like to encourage advanced users to gather inspiration from
the broad variety of suggested options and decide what
suits best for their particular application — just as we did
for this work. While other researchers have presented sig-
nificantly cheaper and/or smaller microscopes for SMLM,
our aim was to achieve sufficient image quality particularly
for the task of studying the cell types described in this study
and using traditional multi-color imaging at high mechani-
cal stability and low maintenance on a particularly easy to
use microscope, even for users with little SMLM experience.
While achieving these goals, the microscope is significantly
cheaper than commercially available SMLM microscopes.

Intracellular structures were easily visualized at
super-resolution with our microscope. The LSEC actin
cytoskeleton was also easy to visualize, and the resolu-
tion of our microscope enabled us to see structures resem-
bling fenestrations, which are encircled by a ring of actin
[47]. In a previous study [15] (which used this microscope
for actin analysis), NMN and sildenafil were shown to
increase the fenestration size, and the actin cytoskeleton
is greatly affected by these agents. We report here the full
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description of the setup and confirm the findings, namely
the dramatic condensation of the actin cytoskeleton into
stress fibers, and rings of actin became more defined after
NMN and sildenafil treatment.

Svistounov et al. [53] proposed that lipid rafts play an
integral role in the regulation of fenestration size by pulling
or pushing on LSEC sieve plates. We assessed the function-
ality of the lipid raft stain BodipyGM1 to stain LSECs in the
dSTORM context. This stain binds GM1 glycolipids present
in lipid rafts, but using single-molecule imaging, we
found that it stained all the plasma membrane on LSECs.
Some areas of the LSECs stained more intensely with this
dye, probably indicative of lipid rafts, but the apparent
non-specificity of the stain was initially disappointing.
However, further careful analysis of the output revealed
that fenestrations were fortuitously also visualized with
this lipid raft stain (Figure 5). An explanation for this is
that the BodipyGM1 stain, like other commercially avail-
able lipid raft stains, is based on the cholera toxin B (CT-B)
subunit, which binds GM1 gangliosides. However, a limita-
tion of CT-B is that it binds other cell surface sugars such
as galactose [57, 58]. We thus propose that this binding to
other cell surface sugars is what we see as background
staining (that fortuitously reveals fenestrations), making
the BodipyGM1 stain an exciting tool to simultaneously
study the relationship between fenestrations and lipid
rafts at super-resolution using only one color channel.

We also investigated primary cultures of platelets.
Features which particularly captured our interest were
super-fine filaments, some thinner than 100 nm, ema-
nating from their plasma membranes. These filaments
were membrane structures with an actin skeleton and
would be sufficiently long and thin to pass through LSEC
fenestrae and, for example, interact with the underlying
hepatocytes in the in vivo context. Similar interactions of
lymphocyte villi with hepatocytes via LSEC fenestrations
and vice versa have been shown by Warren et al. [6]. Given
that platelets have a role in resolution of fibrosis [8, 9],
this super-resolution microscope will be a useful tool to
study the platelet: LSEC “synapse” in future studies.

This work thus demonstrates the effectiveness of
a custom-built SMLM microscope to perform super-
resolution imaging of primary cells for only a small frac-
tion of the cost of a commercial microscope for SMLM. We
believe that our work will contribute to the strong current
movement of democratizing the access to super-resolution
microscopy, making super-resolution available to a wide
range of laboratories as a routine lab microscope.
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Supplementary Information
Supplementary Note 1:

Comparison of buffers and stains for dASTORM visualization of cellular structures

One of the challenges of dASTORM microscopy is choosing the correct match between the fluorescent probe
and the imaging buffer system to enable blinking for each fluorophore. Supplementary Fig. 3 shows LSEC
stained with phalloidin AF488 to visualize actin (Supplementary Fig. 3A, C), and Vybrant DiD to visualize the
plasma membrane (Supplementary Fig. 3B, D) using GODCAT (Supplementary Fig. 3A, B) or OxEA [32]
(Supplementary Fig. 3C, D) buffer. The results confirm other groups' findings [32, 48] that GODCAT-1 /-2 and
Oxyrase systems function well with phalloidin AlexaFluor 488 to produce high quality actin filament staining on
LSEC (Supplementary Fig. 3A, C). GODCAT-1 /-2 worked well with Vybrant DiD in the visualization of
fenestrations (Supplementary Fig. 3B). However, we found that the OxEA/ Vybrant DiD combination resolved
fenestrations poorly (Supplementary Fig. 3D).

Supplementary Table 1:

Excitat
dSTORM ion
Incubation Buffer intensi
TX-100 Blocking time Tested Cell type ty
Membrane stains:
BodipyGM1 FL e
5ug/ml (1:200) - - 15m GODCAT-1 mLSEC W/cm?
Vybrant DiD 5ug/ml GODCAT- 290-870
(1:200) - - 20m 182 m&rLSEC W/cm?
Cell Mask Green §§§5
5ug/ml (1:1000) - - 10m GODCAT-1 platelet W/cm?
Cytoskeleton
stains:

- 870-
Phalloidin GODCAT- m&rLSEC, 1760
AF647/488 165nM 1m 30s 45m 20m 182, OXEA platelet W/cm?
1° anti-tubulin
1:500* 1°-1h

o s 1m30s  45m 870-
2° anti-mouse GODCAT- 1760
AF647/488 1:1000* 2°-1h 182, OXEA  mLSEC, platelet W/cm?

List of stains and conditions for dSTORM. Abbreviations: m/r LSEC = mouse/rat liver sinusoidal endothelial cells.
GODCAT = glucose oxidase/catalase. OXEA = Oxyrase/ p-MercaptoEthylAmine. TX= Triton X-100. AF = Alexa Flour;
*actual concentration not supplied by vendor



Supplementary Table 2: Composition of the imaging buffers:

GODCAT (glucose
oxidase/catalase) or GLOX
(glucose oxidase-based

oxygen scavenger) buffer-1:

GODCAT buffer-2:

OxEA buffer:

e 1 ug/ml (50 units) Catalase
(=80,000 units/mg) (Sigma-
Aldrich)

e 40 mg/ml glucose (Sigma-
Aldrich)

e 50 pg/ml glucose oxidase
(>100,000 units/g solid)
(Sigma-Aldrich)

o 2.5% glycerol (Sigma-
Aldrich)

e 1.25 mM KCI

e 100 mM MEA-HCI
(Mercaptoethylamine-HCI)
(Sigma-Aldrich)

e 200 pM TCEP (Tris (2-
carboxyelthyl) phosphine
hydrochloride) (Sigma-
Aldrich)

e 1mMTris

in PBS

50 mM MEA-HCI

10% (v/v) of a 250 g/l solution
of glucose

0.5 mg/ml (100,000 units/g
solid) glucose oxidase

40 mg/ml catalase

in PBS, pH 7.6

e 50 mM MEA-HCI

3% (v/v) OxyFlour™ (40.5 units/

ml) (Oxyrase Inc. Mansfield)

e 20% (v/v) of sodium DL-lactate
solution (Sigma-Aldrich)

in PBS, pH adjusted to 8-8.5 with
NaOH




Supplementary Figure 1

A Diffraction limited B ThunderSTORM C  rapidSTORM
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Reconstruction with different software tools

(A) Diffraction limited image of mouse LSEC immunostained for tubulin filaments. (B, C) dSTORM imaging of the same
sample as in (A) shows that adjacent tubulin filaments closer than the diffraction limit can be resolved. (D) Line profiles of
adjacent microtubules show the obtained resolution and similar quality of the reconstruction from the two software
packages, while each software features different strengths.



Supplementary Figure 2
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Drift correction of ASTORM image acquisition

Vybrant DiD stained rat LSEC: the smooth lateral drift (A,C) can easily be corrected for (D), and smaller membrane
fenestrations become visible (black arrow). (B) The point spread function width does not considerably change during the
acquisition, indicating high focus stability.



Supplementary Figure 3

Actin: Membrane:
Phalloidin - Alexa Fluor 488 i

GODCAT
buffer

dSTORM imaging of mouse and rat LSEC with different buffers

dSTORM images of mouse (A, no treatment) and rat (B-D, 1mg/ml AGE treatment*) LSEC with stained for actin (AF647-
phalloidin) (A,C) and membrane (Vybrant DiD) (B,D) showing which buffer are optimal for each dye.*AGE is advanced
glycation end-product protein used as a functional marker for LSEC and similar cells. It had no effects on LSEC
morphology in this study.



Supplementary Figure 4

No treatment NMN SIL

Actin stress fibers

Pixel classifications

Background

Pixel classification for automated actin and fenestration analysis
Results of the pixel classification workflow of the llastik software. For the actin images (upper row), three different classes
were used while for the membrane images (lower row), two different classes were used.



Supplementary Figure 5

Actin Membrane

Unstimulated

Thrombin stimulated

Staining of human platelets (unstimulated and thrombin stimulated)
Plated human platelets + challenge with thrombin were stained with (A, C) Phalloidin-AF647 (actin); (B, D) Vybrant DiD
(membrane). (A, B) Unstimulated platelets; (C, D) thrombin stimulated platelets. Imaging was in TIRF mode.



Supplementary Material

Custom-built dASTORM

Microscope construction protocol

Hong Mao*, Robin Diekmann*, Helena Hai Po Liang, Victoria C. Cogger, David G. Le
Couteur, Glen P. Lockwood, Nicholas J. Hunt, Mark Schittpelz, Thomas R. Huser,
Vivien M. Chen, Peter A.G. McCourt

Microscope construction protocol

The microscope parts list can be found online at:
https://docs.google.com/spreadsheets/d/1hvrnnPTvSZmYkHC3XxNXGYsR_a2GfomK2dHhe4n9T49A/edit?usp
=sharing

You will need the following equipment not mentioned in the microscope parts list:

® 30 cm ruler

® Small sheet of graph paper

e Laser safety equipment according to your institute's standards.

e A coverslip with fluorescent beads that can be excited using 488 nm and 647 nm and emit around 550 nm
and 700 nm (e.g. 100 nm sized Tetraspeck beads from ThermoFisher).

Two parts need to be custom made:
* Connector of the Thorlabs 30 cm cage system to the microscope stage.
* The sample holder

We tried to use as many commercially available parts as possible but could not find good solutions for exactly
these two parts. Since we had access to a mechanical workshop, we had them custom made there. The CAD
drawings are attached at the end of this document. However, we think it is possible to find solutions based on
commercially available parts, such as using a Thorlabs cage plate (e.g. CP02T/M) and gluing it to the stage as
the connector to the rod system. For the sample holder, a metal plate with a hole in the center could work.
Please note that these alternatives have not been tested by us though. We have used the parts as specified by
the CAD drawings for the microscope described in this work.

Assembly and alignment instructions
(Please see below for pictures of the assembled microscope):

Breadboard
« Inflate the bicycle inner tube and place the breadboard on top. If you have vibration issues, try different air
pressures.

Upright microscope body

Fix a post mounting clamp (C1498/M) to the X-Y stage (KT 90-D56-EP).

Fix the custom-made adaptor plate from the Thorlabs 30 mm cage rod system to the X-Y stage.
Connect four 4" cage rods (ER4-P4) to the adaptor plate.

Extend the 4" cage rods by 1/2" long cage rods (ER05-P4).

Screw the SM1 to RMS adaptor (SM1A3) into the Z-Translator (SM12).

Slide the Z-Translator onto the rods.

Slide the cage cube (C6W) onto the rods.

Screw the end cap (SM1CP2) into the cage cube on the side of the post mounting clamp.

Slide the cage plate to post adaptor (CPTR10/M) onto the rods.

Mount a post (TRA30/M) to the cage plate to post adaptor.

To the other side of the post, mount a post mounting clamp (C1498/M). Extend the post by multiple
washers (W8S038) such that the post mounting clamp is flush with the post mounting clamp attached to the
stage. Fine adjustment of the length can be made by sliding the post in or out the cage plate to the post
adaptor.

Fix the elliptical mirror (BBE1-E02) inside the right-angle mirror mount (KCB1EC/M).

Mount the post clamp (RM1B/M) to the mirror holder.

Place the dynamically damped post (DP14A/M) in the corner of the breadboard (MB4590/M) and fix it using
4 screws.

Slide the assembled part onto the post.

Place the pillar post (RS3P/M) inside the post clamp.



Detection beam path

Mount the 1" long cage rods (ER1-P4) to the cage cube (C4W).

Slide the cage plate (CP02/M) onto the rods.

Screw the aluminum post (TRA30/M) into the cage plate.

Screw the end cap (SM1CP2) into the side of the cage cube.

Do the following twice, i.e. for two remaining open sides of the cage cube:

« Fix three of the 6" long cage rods (ER6-P4) to the cage cube. You should have two cage rods on the
bottom and one on the top.

+ Put the =160 mm lens (G063204000) into the lens mount (G06104700) and fix it.

+ Slide the lens mount onto the cage rods.

+ Screw the lens tube (SM1L10) into the cage plate (CP02/M).

- Slide the cage plate onto the rods. Leave approx. 1 cm space to later fit one more cage plate and fix it.

+ Screw the aluminum post (TRA30/M) into the cage plate.

« Slide one 4" long cage rod into the remaining hole of the cage plate such that it is flush with the end of the
6" long cage rods and fix it.

Fix the 1" long cage rods of the assembled parts to the right-angle mirror mount of the upright microscope

body and fix the three aluminum posts to the breadboard using one pedestal post holder (PH20E/M) and

clamping fork for each post. The height of the aluminum posts can be adjusted by sliding them further into

or out of the pedestal post holders.

647 nm laser, laser combiner and TIRF module

« Always stick to the laser safety instructions when working with the lasers, including wearing safety goggles
where necessary.

Connect the laser to the computer following the manufacturer's instructions.

Place the laser (1193844) on the heat sink (1193289).

Make sure the laser is working.

All optical components will be held by the Thorlabs cage system rods. Connect the rods (ER3-P4) to the
cage cube (C4W) that will later be used for laser combining.

Mount the cover plate (B4C/M) to the bottom of the cage cube.

Mount a post (TRA50/M) to the cover plate, and fix it to the small breadboard (MB1030/M) using a pedestal
post holder (PH20E/M) and a clamping fork.

The 647 nm laser will come out of the fiber as a diverging beam. To get it collimated, place the fiber in the
fiber adapter plate (S1FCA) and hold the plate by the cage plate (CP02T/M). Then place the f = 35 mm lens
(La1027-A-ML) at a distance of approx. 35 mm in front of it, holding the lens by the cage plate (CP02/M).
Vary the distance of the lens to the fiber output until the laser is collimated (i.e., the beam diameter does not
change with its distance from the lens). Hold graph paper into the laser beam at different distances to check
its diameter as a function of the distance.

Put the 647 nm cleanup filter (LL01-647-12.5) in the SM05-to-SM1 adapter (SM1A6T) and screw it into the
cage cube at the side of the laser source.

Screw the cage rods (E12) into the other side of the cage cube.

Put the f=120 mm lens (G063202000) into the lens mount (G062047000), fix the lens using a pin
(G06101100) and slide it onto the rods.

Screw the f=-75 mm lens (LC1582-A-ML) into the cage plate (CP02/M) and place it onto the rods.

Slide a cage plate to post adaptor (CPTR20/M) onto the rods, connect a post to its bottom, and fix it to the
small breadboard using a pedestal post holder (PH20E/M) and a clamping fork.

Slide a lens mount (G061047000) onto the rods, but do not put in the lens yet.

Place the two lenses (f=120 mm and f =-75 mm) at approx. 45 mm distance and slide the lens mount of the
former along the rails of the former until the beam is collimated. Then fix the lenses to the cage rods.

Fix the single axis translation (PT1B/M) stage to the large breadboard. Fix the small breadboard holding the
assembled parts on top of the translation stage.

Adjust the height of the laser beam. To do so, slide the aluminum posts further into or out of the pedestal
post holders. The height should be adjusted such that the beam goes centered through the cage cube. To
see the position of the beam, temporarily screw an alignment disk (DG10-1500-H1-MD) to its entry side.

Put in the main dichroic and align it:
Mount the filter holder (FFM1) to the cage cube platform (B4C/M).
Mount the dichroic (Di03-R405/488/532/635) to the filter holder. Note: Though we are only using the 488
nm and 647 nm lasers in this study, we have selected this dichroic for potential upgrades to UV (e.g. 405
nm) or green (532 nm) lasers.
Place the cage cube platform inside the cage cube such that the mirror is at an angle of 45° with the
reflective side towards the laser.
Slightly rotate the cage cube platform such that the laser hits the Z-translator in the center. To view the
laser beam, temporarily mount the RMS-to-SM1-adaptor (SM1A4) and an alignment disk (DG10-1500-H1-
MD) in the Z-translator.
Now the 647 nm laser has been roughly aligned. For fine alignment, the 647 nm laser has to hit the Z-
translator (which will later hold the objective lens) both in the center as well as perpendicular. This
requirement has to be fulfilled for both the x as well as the y direction. We therefore need four degrees of
freedom in the setup.
« For the Y-axis, the rotating angle of the dichroic can be changed by
+ (Y1) rotating the cage cube platform inside the cage cube (this changes the angle of the beam); and
+ (Y2) the height of the laser beam entering the cage cube can be changed by slightly lifting or lowering
the aluminum post holding the laser cage cube rods inside the pedestal post holders (this changes the
position of the beam). To make (Y2) easier, use the slip-on post collars to temporarily "store" the post
height. To do so, place the slip-on post collars on the two posts, slide them all the way down and fix
them.
« For the X-axis, the beam entering the cage cube can be changed by
+ (X1) temporarily loosening the clamping fork holding the aluminum post closest to the fiber output
while rotating it around the other aluminum post (this changes the angle of the beam); and
+ (X2) moving the 1 axis translation stage (this changes the position of the beam).
+ Using the two alignment possibilities per axis, iteratively align the beam at the Z-translator position:
+ Use steps (Y2) and (X2) to make the laser beam hitting the alignment disk in the Z-translator in the
center.
« Afterwards, remove the alignment disk from the Z-translator. Instead, screw in the two SM1 extension
tubes (SM1E60) and screw in an alignment disk at the top.
+ Use steps (Y1) and (X1) to make the laser beam hitting the alignment disk in the two extension tubes in
the center.
+ Afterwards, remove the SM1 extension tubes, screw the alignment disk back directly into the Z-
translator and go back to the first step.
+ Repeat these steps until the laser hits the alignment disk at both positions in the center.

488 nm laser

+ Connect the laser to the computer following the manufacturer's instructions.

+ Place the laser (1226420) on the heat sink (1193289).

+ Make sure the laser is working.

+ Place the laser on two posts (TRA75/M-P5), hold the posts by pedestal post holders (PH40E/M) and fix
them to the breadboard using clamping forks (CF175C/M). It will be fine-positioned later.

+ Assemble the cage system that will adjust the 488 nm laser beam-width and allow for its alignment:

Place the mirrors (BB1-E02) mirrors inside the mirror mounts (KCB1C/M)

Connect the ER3-P4 rods to the ER6-P4 rods to form 9-inch long rods and connect them to a mirror

mount on one side.

Slide the lens mount (G061047000) onto the rods.

Slide a cage plate (CP11/M) onto the rods.

Connect the two mirror mounts using the ER6-P4 rods.

Connect three posts (TRA75/M-P5) to the mirror mounts as well as the cage plate. Fix them to the

breadboard using the pedestal post holders (PH50E/M) and clamping forks.

Position the cage system in front of the 488 nm laser such that the beam travels straight through it. To do

so, temporarily place an additional cage plate (CP02/M) at the entry side of the rod system.



+ Temporarily screw one alignment disk (DG10-1500-H1-MD) into the temporarily placed cage plate at the
entry side and another alignment disk (DG10-1500-H1-MD) into the entry side of the first mirror mount.
Place the cage system in front of the 488 nm laser and vary its position until the laser hits both alignment
disks in the center. You might make use of the small holes in the center of the alignment disks and/or
iteratively mount and unmount them, until both are being hit in the center.

« To vary the height and angle of the cage system, loosen the screws on the pedestal post holders and
slide the posts further in or out.

« To vary the position of the cage system on the breadboard, loosen the clamping forks and slide the
pedestal post holders on the breadboard.

As soon as the laser goes straight through the first part of the cage system, place the lenses inside the

lens mount (G063205000) and the cage plate (LA1560-A-ML). The cage plate can be fixed at the end of

the rods.

Slide the lens mount almost all the way towards the mirror mount.

Direct the 488 nm laser beam through the two lenses and collimate it by sliding the lens mount along the

rail. Fix it once the beam is collimated.

Place the 488 nm laser cage system at the side of the cage cube of the TIRF module.

Place the 488 nm laser such that it goes straight through the lenses and enters the first mirror holder

centered. To do so, you can either make use of the alignment disks at different positions or slide the cage

system alignment plates (CPA1) along the rails to different positions.

Make sure that the 488 nm laser beam goes straight through the center of the cage cube. To do so,

iteratively follow these steps:

» Temporarily screw an alignment disk into the cage cube and align the laser to its center using the first
mirror.

+ Afterwards, screw the two SM1 extension tubes into the other side of the cage cube and screw the
alignment disk to the exit side. Use the second mirror to align the laser beam to the center of the
alignment disk.

+ Remove the SM1 extension tubes and iteratively repeat the two steps until the beam has been aligned.

Put in the dichroic to combine the two lasers and re-align the 488 nm laser:

» Mount the 488 nm laser clean up filter (LLO1-488-12.5) in the SM1 to SM05 adaptor (SM1A6T) and screw

it into the side-port of the cage cube that will hold the dichroic for combining the two lasers.

Mount the filter holder (FFM1) to the cage cube platform (B4C/M).

Mount the dichroic (FF499-Di01-25x36) to the filter holder.

Place the cage cube platform inside the cage cube such that the mirror is at an angle of 45° with the

reflective side towards the 488 nm laser.

Slightly rotate the cage cube platform such that the 488 nm laser hits the Z-translator in the center. To

view the laser beam, temporarily mount the RMS-to-SM1-adaptor (SM1A4) and an alignment disk (DG10-

1500-H1-MD) in the Z-translator.

Now the 488 nm laser has been roughly aligned. For fine alignment, the 488 nm laser has to hit the Z-

translator (which will later hold the objective lens) both in the center as well as perpendicular. This

requirement has to be fulfilled for both the x as well as the y direction. We therefore need four degrees of
freedom in the setup.

« For the Y-axis, the rotating angle of the dichroic can be changed by
« The first mirror of the 488 nm cage cube system provides 2 degrees of freedom.

+ The second mirror of the 488 nm cage cube system provides 2 degrees of freedom.

« Using the two alignment possibilities per mirror, iteratively align the beam at the Z-translator position:

+ Use the first mirror of the 488 nm cage cube system to make the laser beam hitting the alignment disk
in the Z-translator in the center.

« Afterwards, remove the alignment disk from the Z-translator. Screw the two SM1 extension tubes
(SM1E60) into the Z-translator and screw in an alignment disk at the top.

« Use the second mirror of the 488 nm cage cube system to make the laser beam hit the alignment disk
in the two extension tubes in the center.

« Afterwards, remove the SM1 extension tubes, screw the alignment disk back directly into the Z-
translator and go back to the first step.

» Repeat these steps until the laser hits the alignment disk at both positions in the center.

» Now both lasers should be aligned to the same positions. To check if both lasers are aligned to the
same position, turn both lasers on and check if they are well overlaid at different positions of the beam
path. If not, reiterate the alignment of the 488 nm laser using the two mirrors in the 488 nm cage cube
system. If this does not work, realign the rotation of the dichroic combining the two lasers.

« Epifluorescence illumination

+ Screw the objective lens (1-U2B617) into the Z-translator. If not in place, use the thread adaptor (SM1A3).

« Put the f=200 mm lens (G063205000) into the empty lens mount in the TIRF module.

+ Turn on a laser and slide the lens mount along the rail system until the laser comes out of the objective
lens as a collimated beam.

« Fix the lens mount to the rail system.

« To later change the illumination mode from widefield epi illumination to HILO or TIRF, drive the 1 axis
translation stage hosting the TIRF module.

Cameras

Do this twice, i.e. for each camera:

« Screw the thread adaptor (SM1A9) into the camera (AB00604).

« Screw the SM1 coupler into the thread adaptor (SM1T10).

+ Screw the SM1 coupler into the cage cube, such that the inner thread is about half way filled by the SM1
coupler.

« Make sure the camera is at an angle of 0° by rotating it. Then fix the angle by screwing a retaining ring into
the other side of the cage cube.

« Slide the cage plate holding the camera onto the cage rods such that it touches the other cage plate and
fix it.

« Slide the lens mount on the cage rods such that is approx. 170 mm away from the center of the camera.
This is going to hold the tube lens.

Install Micro-Manager 1.4.22 on your computer.

Download the latest release of the IDS device adaptor from https://github.com/biophotonics-bielefeld/ids-

device-adapter/releases and use it to replace the mmgr_dal_IDS_ueye.dll in the Micro Manager root

directory.

Download the IDS driver software from the manufacturer's webpage.

Connect one camera to the computer via USB 3.0 and make sure it is working using the acquisition

software provided by the manufacturer.

Use the camera manager software provided by the manufacturer to change the ID of the camera from 1 to

2.

Connect the other camera to the computer via USB 3.0 and make sure it is working using the acquisition

software of the manufacturer.

Start Micro-Manager and create a hardware configuration with both cameras. To do so, change the ID of

one camera to 2 in the hardware configuration wizard.

Save the hardware configuration and go to the live mode to view the camera image of the camera on the

straight beam path.

Use the device properties panel or create an according group in Micro-Manager to switch between the

cameras.

In the device properties, do the following:

+ Change to the value of the pixel clock to the maximum value.

« Change the value of USB reconnect maximum tries to the maximum value.

« Change the exposure time to 100 ms.

« Change the value of the framerate to the maximum value.

« For changing the exposure time or changing the ROI, repeat the last steps. You can save the settings via
the group editor for convenience.

Put the 700/75 bandpass filter (F47-700) into the filter holder (G06103100) and place it in the cage system

before the camera of the straight beam path.

Put the 647 nm long-pass (BLP01-647R-25) filter into the filter holder (G061031000) and place it in the cage

system before the camera of the straight beam path.




Make sure the correction collar of the objective lens is set to the nominal value, e.g. 0.17 when using #1.5

coverslips.

If necessary, adjust the height of the Z-Translator such that the objective lens just does not touch a

coverslip that will be place on the sample holder.

Apply immersion oil to the objective lens.

Put the coverslip with fluorescent beads onto the sample holder.

Turn on the 647 nm laser at low power.

Focus onto the beads using the Z-translator. If the travel range of the Z-Translator is not large enough to do

so, put it to its middle position and carefully slide the Z-Translator along the cage rods until the focus is

approximately reached and fix it. Then use the Z-Translator to find the focus.

Find the correct position of the tube lens by minimizing spherical aberrations:

+ Use the Z-Translator to defocus to both directions (above and below the focal plane) and see if the three-

dimensional point spread function (PSF) looks symmetric. In this case, you should see rings on both sides

of the focus. If the PSF is not yet symmetric, you see very prominent rings on one side of the focus and
blur on the other side of the focus.

In case of an asymmetric PSF, move the tube lens by a few millimeters on the rails, refocus using the z-

translator, and check the symmetry of the PSF again. If it gets better, continue moving the tube lens in the

same direction. If it gets worse, move the tube lens in the opposite direction.

Repeat these steps until the PSF looks similar to both sides of the focus.

* Turn off the 647 nm laser.

Put the 550/88 bandpass filter (FF01-550/88-25) into the filter holder (G061031000) and place it in the cage

systems before the other camera.

Put in the dichroic that separates the two emission channels and align it:

+ Mount the filter holder (FFM1) to the cage cube platform (B4C/M).

* Mount the dichroic (FF640-FDi01-25x36) to the filter holder.

+ Place the cage cube platform inside the cage cube such that the mirror is at an angle of 45° with the
reflective side facing the laser.

+ Turn on the 488 nm laser at low power.

« Slightly rotate the cage cube platform such that the beads image becomes visible on the camera.

+ Turn on the 647 nm laser.

+ Using both cameras simultaneously, rotate the cage cube platform such that the images of both colors
roughly overlap. Perfect overlap cannot be achieved anyway. Image registration should be handled later
on in the post-processing.

* Turn off the lasers.

Add multiple caps to shield the beam path:

+ Place the SM1-Threaded End Cap (SM1CP2) at the free side of the dichroic holder for combination of the
two lasers. If you later want to realign the 488 nm laser, you will have to temporarily remove this cap.

+ Add the blank cover plate (B1C/M) at the free side of the dichroic holder in the upright microscope part.

* Place the SM1-Threaded End Cap (SM1CP2) at the free side of the dichroic holder in the detection beam
path.

Pictures of assembled microscope
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Connector of the Thorlabs 30 cm cage system to the microscope stage
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Shopping list:

Custom-built SISTORM

Approx.
Items No. . Supplier Details
total price
Part: 647 nm Laser
Laser 647 (1193844) 1 €5039.70 Coherent OBIS 647 nm LX 100 mW laser, fiber pigtail
Laser cooling (1193289) 1 €437.84 Coherent OBIS heat sink mount with fan
31" FC/APC Fiber Adapter Plate Without
Fiber outcoupling holder (S1FCA) 1 €29.75 Thorlabs
Thread
Frame for fiber outcoupling holder SM1-Threaded 30 mm Cage Plate, 0.5"
€19.50 Thorlabs . " . .
(CPO2T/M) Thick, 2 Retaining Rings, Metric
Frame for holding collimating lens SM1-Threaded 30 mm Cage Plate, 0.35"
€14.90 Thorlabs
(CP0O2/M) Thick, 2 Retaining Rings, Metric
@1" N-BK7 Plano-Convex Lens, SM1-
Collimating lens (LA1027-A-ML) 1 €41.25 Thorlabs Threaded Mount, f = 35.0 mm, ARC:350-
700 nm
Cage rods connecting 647 nm Cage Assembly Rod, 3" Long, @6 mm, 4
€22.80 Thorlabs
lens (ER3-P4) Pack
Part: 488 nm Laser
Laser 488 nm (1226420) 1 €7 374.01 Coherent OBIS 488 nm LS 100 mW laser
Laser cooling (1193289) 1 €437.84 Coherent OBIS heat sink mount with fan
@12.7 mm Pedestal Post Holder, Spring-
Post holder for 488 nm laser
2 €42.80 Thorlabs Loaded Hex-Locking Thumbscrew, L=44.7

construction (PH40E/M)

mm

Post holder for 488 nm laser
construction (PH50E/M)

Post for 488 nm construction
(TRA75/M-P5)

Cage rods for 488 nm telescope,
total length: 22.5 cm (ER3-P4)

Cage rods for 488 nm telescope,
total length: 22.5 cm (ER6-P4)

Cage rods connecting 488 nm

alignment mirrors (ER6-P4)
First lens in 488 nm telescope

(CP11/M)

First lens in 488 nm telescope
(LA1560-A-ML)

Second lens in 488 nm telescope-
a (G063205000)

Second lens in 488 nm telescope-
b (G061047000)

Mirror holder for 488 nm
alignment (KCB1C/M)

Mirror for 488 nm alignment
(BB1-E02)

Optional: frame for ND filter in
488 nm beam path (CPTR10/M)

Optional: ND filter in 488 nm

beam path (NE13A)

Optional: post holder for ND filter
in 488 nm beam path (PH40E/M)

€65.40

€21.95

€22.80

€29.23

€29.283

€14.90

€39.75

€147.00

€28.00

€260.00

€135.18

€32.25

€44.50

€21.40

Thorlabs

Thorlabs

Thorlabs

Thorlabs

Thorlabs

Thorlabs

Thorlabs

Qioptiq

Qioptiq

Thorlabs

Thorlabs

Thorlabs

Thorlabs

Thorlabs

@12.7 mm Pedestal Post Holder, Spring-
Loaded Hex-Locking Thumbscrew, L=54.7
mm

@12.7 mm Aluminum Post, M4 Setscrew,
M6 Tap, L = 75 mm, 5 Pack

Cage Assembly Rod, 3" Long, @6 mm, 4
Pack

Cage Assembly Rod, 6" Long, @6 mm, 4
Pack

Cage Assembly Rod, 6" Long, @6 mm, 4
Pack

SMO05-Threaded 30 mm Cage Plate, 0.35"
Thick, Two Retaining Rings, M4 Tap

@1/2" N-BK7 Plano-Convex Lens, SM05-
Threaded Mount, f = 25.0 mm, ARC: 350-
700 nm

Achr. VIS ARB2; D=31.5; F=200; gefasst

Mount for 35mm Linos lens

30 mm Cage Right-Angle Kinematic Mirror
Mount with Smooth Cage Rod Bores

@1" Broadband Dielectric Mirror, 400 - 750

nm

Cage Plate to @1/2" Post Adapter, 10 mm
Spacing, Metric

@25 mm Absorptive ND Filter, SM1-
Threaded Mount, Optical Density: 1.3

@12.7 mm Pedestal Post Holder, Spring-
Loaded Hex-Locking Thumbscrew, L=44.7

mm



Optional: post for ND filter in 488

@12.7 mm Aluminum Post, M4 Setscrew,

€6.70 Thorlabs
nm beam path (TRA75/M) M6 Tap, L = 75 mm
Part: Laser Combiner
Cage cube for laser overlay (C4W) €53.75 Thorlabs 30 mm cage cube
Holder for 647 nm cleanup filter Adapter with External SM1 Threads and
€18.40 Thorlabs
(SM1A6T) Internal SM05 Threads, 0.15" Thick
647 nm cleanup filter (LLO1-647- 647 nm MaxLine laser clean-up filter Laser
€258.64 Semrock
12.5) Wavelength 647 nm 12.5 mm x 3.5 mm
Holder for 488 nm cleanup filter Adapter with External SM1 Threads and
€18.40 Thorlabs
(SM1A6T) Internal SM05 Threads, 0.15" Thick
488 nm cleanup filter (LLO1-488- 488 nm MaxLine laser clean-up filter Laser
€ 258.64 Semrock
12.5) Wavelength 488 nm 12.5 mm x 3.5 mm
Kinematic Cage Cube Platform for
Alignment for Dichroic (B4C/M) €87.75 Thorlabs
C4W/CBW, Metric
Cover plate on left (SM1CP2) €15.80 Thorlabs Externally SM1-Threaded End Cap
Cover plate on bottom (B1C/M) €16.70 Thorlabs Blank Cover Plate, Metric
Dichroic combining 647 nm and 488 nm edge BrightLine single-edge
€216.24 Semrock
488 nm laser (FF499-Di01-25x36) dichroic beamsplitter
Filter holder for dichroic (FFM1) €52.25 Thorlabs Cage-Compatible Rectangular Filter Holder
Part: TIRF Model
Breadboard holding TIRF unit Aluminum Breadboard, 100 mm x 300 mm
€58.50 Thorlabs
(MB1030/M) X 12.7 mm, M6 Taps
Translation stage for TRIF unit . . X
€191.00 Thorlabs Single-Axis Translation Stage
(PT1B/M)
Cage rods holding multiple
frames, connected to cage cube
€61.20 Thorlabs Cage Assembly Rod, 12" Long, @6 mm

combining 647 nm and 488 nm
lasers (ER12)

@12.7 mm Pedestal Post Holder, Spring-

Post holder (PH20E/M) €41.80 Thorlabs Loaded Hex-Locking Thumbscrew, L=25
mm
@12.7 mm Aluminum Post, M4 Setscrew,
Post holder (TRA50/M) €12.80 Thorlabs
M6 Tap, L =50 mm
Post clamp for comfortable R2/M - Slip-On Post Collar for @1/2" Posts,
€9.00 Thorlabs
alignment (R2/M) Metric
First lens in beam diameter
adjustment telescope € 147.00 Qioptiq Achr. VIS ARB2; D=31.5; F=120; gefasst
(G0632020009)
Frame for first lens in beam
diameter adjustment telescope €28.00 Qioptiq Mount for 35mm Linos lens
(G061047000)
Second lens in beam diameter @1" N-BK7 Plano-Concave Lens, SM1-
adjustment telescope (LC1582-A- €38.75 Thorlabs Threaded Mount, f = -75 mm, ARC: 350-
ML) 700 nm
Frame for second lens in beam
SM1-Threaded 30 mm Cage Plate, 0.35"
diameter adjustment telescope €14.90 Thorlabs
Thick, 2 Retaining Rings, M4 Tap
(CP02/M)
Frame holding cage rods and Cage Plate to @1/2" Post Adapter, 20 mm
€32.25 Thorlabs
connecting to post (CPTR20/M) Spacing, Metric
Lens focusing lasers onto back-
focal-plane of objective lens €147.00 Qioptiq Achr. VIS ARB2; D=31.5; F=200; gefasst
(G063205000)
Frame for lens focusing lasers
onto back-focal-plane of €28.00 Qioptiq Mount for 35mm Linos lens
objective lens (G061047000)
Part: Upright Microscope
Big post holding the imaging part @1.5" Dynamically Damped Post, 14"
e Y S € 185.00 Thorlabs ; J >
(DP14A/M) Long, Metric
Mounting clamp to big post
€57.00 Thorlabs Post mounting clamp

(C1498/M)



Microscope stage (KT 90-D56-
EP)

Z-focusing unit (SM12)

Thread adaptor from z-focusing
unit to Olympus objective lens
(SM1A3)

60x TIRF lens (1-U2B617)

Cage rods connecting
microscope stage and céw cage
cube holding the dichroic (ER4-
P4)

Cage cube holding the dichroic
(cew)
End cap on cage cube (SM1CP2)

Alignment stage for dichroic
(B4C/M)

Imaging dichroic (Di03-
R405/488/532/635)

Filter holder for dichroic (FFM1)

Cover plate on cage cube
(B1C/M)

Frame connecting imaging part to
big post (CPTR10/M)

Post connecting CPTR10/M to
mounting clamp to big post
(TRA30/M)

Cage rods connecting cage cube
to elliptical mirror holder (ER05-
P4)

1

€800.00

€173.00

€15.60

€6352.00

€24.51

€56.75

€15.80

€87.75

€ 504.56

€52.25

€16.70

€32.25

€5.95

€17.45

owis

Thorlabs

Thorlabs

Olympus

Thorlabs

Thorlabs

Thorlabs

Thorlabs

Semrock

Thorlabs

Thorlabs

Thorlabs

Thorlabs

Thorlabs

X-Y stage with 20 mm travel

Z-Translator for Cage System

Adapter with External SM1 Threads and
Internal RMS Threads

Olympus APO N 60x / 1.49 TIRF objective

for BX & IX microscopes

Cage Assembly Rod, 4" Long, @6 mm, 4
Pack

30 mm Cage Cube with ER Clearance
Holes

Externally SM1-Threaded End Cap

Kinematic Cage Cube Platform for
C4W/CBW, Metric

405/488/532/635 nm lasers BrightLine®

quad-edge super-resolution laser dichroic

Cage-Compatible Rectangular Filter Holder

Blank Cover Plate, Metric

Cage Plate to @1/2" Post Adapter, 10 mm
Spacing, Metric

@12.7 mm Aluminum Post, M4 Setscrew,
M6 Tap, L = 30 mm

Cage Assembly Rod, 1/2" Long, @6 mm, 4
Pack

Elliptical mirror holder in

Right-Angle Kinematic Elliptical Mirror
Mount with Smooth Cage Rod Bores, 30

fluorescence detection path €184.00 Thorlabs i
mm Cage System and SM1 Compatible,
(KCB1EC/M)
M4 and M6 Mounting Holes
Elliptical mirror in fluorescence
detection path (BBE1-E02) €855 Thorlabs 1" Broadband Dielectric Elliptical Mirror,
400 - 750 nm
Mounting clamp connecting
@25.0 mm Post Clamp, M4 Tap, M4
elliptical mirror holder and small € 45.00 Thorlabs
Threaded Stud
post (RM1B/M)
Small post supporting imagin @25.0 mm Pedestal Pillar Post, M6 Taps, L
P PP 9 ang €26.50 Thorlabs P
part (RS3P/M) =75mm
Custom made adaptor form
Thorlabs cage rod system to X-Y
stage
Custom made sample holder
Part: Detection Beam Path
Cage cube for emission splitting
€53.75 Thorlabs 30 mm cage cube
(C4w)
Post holder for frame close to @12.7 mm Pedestal Post Holder, Spring-
cage cube in fluorescence €20.90 Thorlabs Loaded Hex-Locking Thumbscrew, L=25
detection (PH20E/M) mm
Post for frame close to cage cube
@12.7 mm Aluminum Post, M4 Setscrew,
in fluorescence detection €5.95 Thorlabs
M6 Tap, L =30 mm
(TRA30/M)
Frame connecting post and cage SM1-Threaded 30 mm Cage Plate, 0.35"
€14.90 Thorlabs
rods (CP02/M) Thick, 2 Retaining Rings, M4 Tap
Cage rods connecting elliptical
Cage Assembly Rod, 1" Long, @6 mm, 4
mirror holder to cage cube in €17.45 Thorlabs

fluorescence detection (ER1-P4)

Pack



Cage plate on cage cube

1 €15.80 Thorlabs Externally SM1-Threaded End Cap
(SM1CP2)
Alignment platform for dichroic Kinematic Cage Cube Platform for
€87.75 Thorlabs
mirror (B4C/M) C4W/C6W, Metric
640 nm edge BrightLine single-edge
Dichroic mirror in fluorescence
€284.08 Semrock imaging-flat dichroic
path (FF640-FDi01-25x36)
beamsplitter25.2x35.6x1.1mm
Dichroic mirror holder (FFM1) 1 €52.25 Thorlabs Cage-Compatible Rectangular Filter Holder
Part: Camera (647 nm)
Cage rods connecting cage cube Cage Assembly Rod, 6" Long, @6 mm, 4
€29.23 Thorlabs
and camera (ER6-P4) Pack, only 3 are being used
Cage Assembly Rod, 2" Long, @6 mm, 4
Pack, 2 rod cage, screwed together
Cage rods (ER2-P4) 1 €21.09 Thorlabs
mounted to the camera, leaving a hole to
remove the filters conveniently
Tube lens for 647 nm camera
€147.00 Qioptiq Achr. VIS ARB2; D=31.5; F=160; gefasst
(G063204000)
Frame for tube lens (G061047000) 1 €28.00 Qioptiq Mount for 35mm Linos lens
X 700/75 ET Bandpass AOI 0° Diameter 25
647 nm bandpass filter (F47-700) 1 €339.00 AHF
mm
647 nm longpass filter (BLPO1- 647 nm EdgeBasic best-value long-pass
€301.04 Semrock
647R-25) edge filter
Filter holders (G061031000) 2 € 56.00 Qioptiq Filter holder before camera
Frame connecting cage system to SM1-Threaded 30 mm Cage Plate, 0.35"
€14.90 Thorlabs
post (CP02/M) Thick, 2 Retaining Rings, M4 Tap
. @12.7 mm Pedestal Post Holder, Spring-
Post holder for frame supporting
€20.90 Thorlabs Loaded Hex-Locking Thumbscrew, L=25
cage system (PH20E/M)
mm
Post for frame supporting cage @12.7 mm Aluminum Post, M4 Setscrew,
€5.95 Thorlabs

system (TRA30/M)

M6 Tap, L = 30 mm

Lens tube connected to frame

SM1 Lens Tube, 1" Thread Depth, One

€12.83 Thorlabs
before camera (SM1L10) Retaining Ring Included
Frame connecting camera to SM1-Threaded 30 mm Cage Plate, 0.35"
1 €14.90 Thorlabs
cage system (CP02/M) Thick, 2 Retaining Rings, M4 Tap
Camera to tube adapter thread Adapter with External C-Mount Threads
€17.40 Thorlabs
(SM1A9) and Internal SM1 Threads
Tube connecting camera to frame SM1 (1.035"-40) Coupler, External
€18.60 Thorlabs
(SM1T10) Threads, 1" Long
USB 3.0 cable 1 €6.00
iDS imaging monochrome CMOS camera
647 nm camera (AB00604) 1 € 587.66 IDS
UI-3060CP-M-GL Rev.2
Part: Camera (488 nm)
Cage rods connecting cage cube Cage Assembly Rod, 6" Long, @6 mm, 4
€29.283 Thorlabs .
and camera (ER6-P4) Pack, only 3 are being used
Tube lens for 488 nm camera o
1 €147.00 Qioptiq Achr. VIS ARB2; D=31.5; F=160; gefasst
(G063204000)
Frame for tube lens (G061047000) 1 €28.00 Qioptiq Mount for 35 mm Linos lens
550/88 nm single-band bandpass 550/88 nm BrightLine® single-band
. €301.04 Semrock .
filter (FF01-550/88-25) bandpass filter
Filter holders (G061031000) 1 €28.00 Qioptiq Filter holder before camera
Frame connecting cage system to SM1-Threaded 30 mm Cage Plate, 0.35"
€14.90 Thorlabs
post (CP02/M) Thick, 2 Retaining Rings, M4 Tap
@12.7 mm Pedestal Post Holder, Spring-
Post holder for frame supporting
€20.90 Thorlabs Loaded Hex-Locking Thumbscrew, L=25
cage system (PH20E/M)
mm
Post for frame supporting cage @12.7 mm Aluminum Post, M4 Setscrew,
€5.95 Thorlabs
system (TRA30/M) M6 Tap, L = 30 mm
Lens tube connected to frame SM1 Lens Tube, 1" Thread Depth, One
1 €12.83 Thorlabs

before camera (SM1L10)

Retaining Ring Included



Frame connecting camera to

SM1-Threaded 30 mm Cage Plate, 0.35"

1 €14.90 Thorlabs
cage system (CP02/M) Thick, 2 Retaining Rings, M4 Tap
Camera to tube adapter thread Adapter with External C-Mount Threads
€17.40 Thorlabs
(SM1A9) and Internal SM1 Threads
Tube connecting camera to frame SM1 (1.035"-40) Coupler, External
€18.60 Thorlabs
(SM1T10) Threads, 1" Long
USB 3.0 cable 1 €6.00
iDS imaging monochrome CMOS camera
488 nm camera (AB00604) 1 €587.66 IDS
UI-3060CP-M-GL Rev.2
Misc.
Clamping Fork, 1.24" Counterbored Slot,
Small clamping forks (CF125C/M) 7 €68.25 Thorlabs .
1/4"-20 Captive Screw
Clamping Fork, 1.76" Counterbored Slot,
Big clamping forks (CF175C/M) 4 €42.80 Thorlabs .
1/4"-20 Captive Screw
M4 x 0.7 Stainless Steel Cap Screw, 6 mm
Screws (SH4MS06) 1 €5.75 Thorlabs
Long, Pack of 50
M4 x 0.7 Stainless Steel Cap Screw, 10
Screws (SH4MS10) 1 €6.00 Thorlabs
mm Long, Pack of 50
M4 x 0.7 Stainless Steel Cap Screw, 16
Screws (SH4MS16) 1 €6.30 Thorlabs
mm Long, Pack of 50
#8 Washer, M4 Compatible, Stainless
Screws (W8S038) 1 €3.02 Thorlabs
Steel, Pack of 100
M6 x 1.0 Stainless Steel Cap Screw, 6 mm
Screws (SHEMS06) 1 €11.50 Thorlabs
Long, Pack of 25
M6 x 1.0 Stainless Steel Cap Screw, 10
Screws (SHEMS10) 1 €7.00 Thorlabs
mm Long, Pack of 25
M6 x 1.0 Stainless Steel Cap Screw, 16
Screws (SHEMS16) 1 €7.45 Thorlabs
mm Long, Pack of 25
M6 x 1.0 Stainless Steel Cap Screw, 25
Screws (SHEMS25) 1 €8.85 Thorlabs

mm Long, Pack of 25

1/4" Washer, M6 Compatible, Stainless

Screws (W25S050) €4.18 Thorlabs
Steel, Pack of 100
Set of Threaded Pins
€13 Qioptiq Set of Threaded Pins M2.3x3, 150 ea.
(G061011000)
GE different immersion oil for correction of
DV Immersion oil kit (29163068) €176.38
Healthcare  spherical aberrations
Screw into frames etc. for SM1 Lens Tube, 2" Thread Depth, One
€14.85 Thorlabs
alignment (SM1L20) Retaining Ring Included
Opaque target for alignment @1" SM1-Mounted Frosted Glass
€58.50 Thorlabs
(DG10-1500-H1-MD) Alignment Disk w/@1 mm Hole
Screw-in target for alignment
€22.90 Thorlabs SM1 Series Alignment Disk
(SM1A7)
Target for alignment to be put 30 mm Cage System Alignment Plate with
€22.80 Thorlabs
onto cage rod system (CPA1) @1 mm Hole
Screw into objective lens holder SM1 Extension Tube, 6" Long, 1" Thread
€82.00 Thorlabs
etc. for alignment (SM1E60) Depth, One Retaining Ring Included
Adapter for objective lens holder Adapter with External RMS Threads and
€21.40 Thorlabs
(SM1A4) Internal SM1 Threads
Lens Tissues, 25 Sheets per Booklet, 5
Lens tissue for cleaning (MC-5) €27.30 Thorlabs
Booklets
Tool (CCHK/M) €20.90 Thorlabs 9-piece hex key set metric
11-Piece Color-Coded Hex Key Set,
Tool (CCHK) €20.90 Thorlabs
Imperial
Tool (TC3/M) €78.00 Thorlabs 15-piece balldriver kit
Tool (PSS7) €52.00 Thorlabs 7-piece precision screw-driver set
Aluminum Breadboard 450 mm x 900 mm
Big breadboard (MB4590/M) €508.00 Thorlabs
X 12.7 mm M6 taps
Total € 29 598.56
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Primary rat LSECs preserve their
characteristic phenotype after
cryopreservation
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Liver disease is a leading cause of morbidity and mortality worldwide. Recently, the liver non-
parenchymal cells have gained increasing attention for their potential role in the development of liver
disease. Liver sinusoidal endothelial cells (LSECs), a specialized type of endothelial cells that have
unique morphology and function, play a fundamental role in maintaining liver homeostasis. Current
protocols for LSEC isolation and cultivation rely on freshly isolated cells which can only be maintained
differentiated in culture for a few days. This creates a limitation in the use of LSECs for research and a
need for a consistent and reliable source of these cells. To date, no LSEC cryopreservation protocols
have been reported that enable LSECs to retain their functional and morphological characteristics
upon thawing and culturing. Here, we report a protocol to cryopreserve rat LSECs that, upon thawing,
maintain full LSEC-signature features: fenestrations, scavenger receptor expression and endocytic
function on par with freshly isolated cells. We have confirmed these features by a combination of
biochemical and functional techniques, and super-resolution microscopy. Our findings offer a means to
standardize research using LSECs, opening the prospects for designing pharmacological strategies for
various liver diseases, and considering LSECs as a therapeutic target.

The liver is the largest organ in the human body, having essential functions related to maintaining homeostasis
and metabolic integrity2. Liver disease is one of the leading causes of morbidity and mortality worldwide*-. For
decades, an immense effort has been undertaken to investigate the mechanisms behind various liver diseases and
to develop therapeutic avenues. Despite great strides, many liver disease mechanisms have remained elusive®®.
In recent years, the non-parenchymal cells of the liver have gained increasing attention for their potential role
in the development of liver disease’. Among these, the liver sinusoidal endothelial cells (LSECs) are the most
abundant non-parenchymal cells, and play a fundamental role in maintaining liver homeostasis'®. LSECs, the
most effective scavengers of blood-borne waste macromolecules in the body'®!}, form the walls of the hepatic
sinusoids and represent a highly specialized type of endothelial cells whose plasma membrane is perforated by
numerous nanosized pores, or fenestrations''-'>. These fenestrations, which range between 50 and 300 nm in
diameter under normal physiological conditions, facilitate the bi-directional transfer of substrates between the
blood and the underlying hepatocytes'?. Liver injury coincides with drastic alterations in the LSEC phenotype,
resulting in the loss of fenestrations and the formation of a basement membrane'*!*. LSECs have been reported to
play a role in regulating sinusoidal flow'?, liver regeneration'®’, hepatic complications such as hepatitis, fibrosis
and cirrhosis'®, liver immune regulation'*'*?, and age-related conditions®!-%.

Current protocols for isolation and cultivation of LSECs rely on freshly isolating the cells directly from the
liver, which must be cultured shortly after isolation due to their rapid dedifferentiation. Their most important in
vivo features, scavenging function and fenestrations, are severely decreased or disappear completely in LSECs
that are kept in culture for more than 1-2 days**-%%, in particular in LSECs from small vertebrates like rodents?.
This is accompanied by a downregulation of LSEC signature genes?. In addition, the isolation method is time
consuming, meaning that to make the in vitro experimental conditions reflect the in vivo situation the closest (e.g.
morphological/functional changes in response to stimuli/drugs), an entire work day may pass before the actual

1Biomolecular Photonics, Department of Physics, Bielefeld University, Universitatsstr. 25, 33615, Bielefeld, Germany.
2Faculty of Health Sciences, Department of Medical Biology, Vascular Biology Research Group, UiT-The Arctic
University of Norway, 9037, Tromsg, Norway. 3Cell Biology and Molecular Neurobiology, Department of Biology,
Bielefeld University, Universitatsstr. 25, 33615, Bielefeld, Germany. Viola Ménkeméller and Hong Mao contributed
equally. Correspondence and requests for materials should be addressed to C.I.&. (email: cristina.ionica.oie@uit.no)
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experiment can be carried out. Maintaining functionally intact LSECs in culture for extended periods of time is
presently not possible. Approaches to overcome these limitations, such as developing immortalized LSEC lines
(reviewed in'®), have had minimal success?-*!. These cells lack a proper phenotypic validation, and display very
limited LSEC characteristics. The shortage of a consistent source of LSECs has led to the use of alternative cell
models, such as non-hepatic ECs*>-*4, However, alternative EC models lack the fundamental characteristics of
LSECs with respect to their most important features in the liver, fenestrations and scavenging function.

To date, no protocols have been reported that enable the cryopreservation of LSECs that retain functional and
morphological characteristics upon thawing and culturing. Therefore, we sought to develop a protocol that would
allow for the cryopreservation of freshly isolated LSECs with intact phenotype upon thawing, similar to their in
vivo counterparts. We found that freezing down freshly isolated LSECs (fLSECs) at low concentration is a prereq-
uisite for after-thawing recovery of cryopreserved LSECs (cLSECs) with high viability, and full LSEC-signature
features: fenestrations, scavenger receptor expression and endocytic function, on par with freshly isolated cells.

Results and Discussion

Rat LSECs were isolated using the Percoll gradient and selective adherence method*>*. This method usually
results in 80-120 million LSECs and >95% purity'!, enough to cover the needs for all the LSEC experiments
ongoing in our lab. The leftover cells are sometimes frozen down in pellets for use in e.g. Western blot, RNA/
gene expression analyses, or, in most cases, they are simply discarded. In this study we have investigated whether
freshly isolated LSECs (fLSECs) would survive cryopreservation, and if, upon thawing, they might maintain their
characteristic morphology and function. Two cell freezing media were used, containing 20% or 90% FBS in addi-
tion to 10% and 5% DMSO, respectively. Upon thawing and before seeding, the cryopreserved LSECs (cLSECs)
were spun down once to remove FBS and DMSO. Although with various cell lines this step is omitted in order to
avoid further mechanical stress on the cells, we found it to be necessary to remove the serum since it was previ-
ously shown to be toxic to rat LSECs in culture, having a major negative effect on the cells’ viability and endocytic
function®>*’. However, during this centrifugation step, about 25% of the cells are lost. The viability of the recov-
ered cells was tested by Trypan Blue exclusion. We found that the LSECs cryopreserved in 20% FBS had very high
viability after thawing as compared to the cells cryopreserved in 90% serum (>90% vs <50% viability, respec-
tively). Moreover, the viability was also drastically affected depending on the number of cells to be frozen down.
Increasing the cell count to more than 4 x 10° cells per cryotube resulted in less than 50% viability upon thawing,
and the ability of the cells to adhere to the substrate in culture was dramatically reduced. After optimization of
the method, dozens of vials from dozens of animals were thawed and used for various projects. The viability of
the cells in these vials was similar to the one presented here. The thawed cLSECs were seeded in serum-free RPMI
on plastic or glass surfaces coated with fibronectin, to allow adhesion and spreading. While fLSECs normally
adhere to the substrate and fully expand their cytoplasm within 2 h from the time they were seeded, the cLSECs
required about 1.5h for optimal adherence, and an additional 1.5 h for spreading of their cytoplasm.

The general morphology of both types of cultured cells was assessed by light microscopy (LM) and, for ultra-
structural details, by super-resolution structured illumination microscopy (SR-SIM) and scanning electron
microscopy (SEM) (Fig. 1). No differences in cell shape or size were observed between the two groups. The cells
had the typical “fried-egg” like shape, and an identical diameter of 29 47 um in both groups (Fig. 1a-d). The
unique morphological characteristic of LSECs, their fenestrations, were present in both fLSECs and cLSECs in
culture (Fig. 1e-h). They could be observed clustered in sieve plates, spread throughout the cytoplasm in smaller
groups, or standing alone. The average diameter of the fenestrae in fLSECs was similar, and not significantly dif-
ferent between the two cell conditions (130 4+ 0.2nm in fLSECs and 139 & 0.4 nm in cLSECs (reported with stand-
ard error of the mean)) (Fig. 2a). Figure 2b compares the distribution of fenestrations in the two cell cultures,
grouped in different diameter size ranges. Compared to the fLSECs, the cLSECs had 18% fewer fenestrations with
small diameters lying between 50-100 nm. Also, the cLSECs had 27% and 34% more fenestrations with large
diameters between 200-250 nm and 250-300 nm, compared to fLSECs. Porosity, defined as the total area covered
by fenestrations per total surface area analyzed, was also not significantly altered by cryopreserving the cells
(2.6340.19% versus 3.0540.35% in fLSECs versus cLSECs, respectively) (Fig. 2c). Fused fenestrations, i.e. adja-
cent fenestrations which have lost some of the intervening cytoplasm, were not included in the analysis. However,
in cLSECs we observed an increase in fenestration distribution in the thicker membranes, close to the nuclear
region, as compared to fLSECs (not shown). This nuclear distribution may be due to the fact that the cLSECs
required more time for establishment in culture and expansion of their cytoplasm to fully expose the fenestrations
in the thin areas of the cytoplasm. Gaps larger than 300 nm were equally observed in both cell groups: 8.5 gaps/
pm? in the fLSECs versus 9.3 gaps/um? in the cLSECs (Fig. 2d).

Preparation of the samples for SEM requires a series of fixation and dehydration steps that can generate arti-
facts, such as cracks and/or shrinkage of the specimen and alteration of tissue structure®. To avoid this, we have
also assessed the fenestrations in the two cell groups using super-resolution structured illumination microscopy
(SR-SIM). This wide-field nanoscopy technique uses patterned illumination from a coherent light source to con-
vert otherwise unobservable structures below the resolution limit of light microscopy into observable ones by
generating difference/beat frequencies called Moiré fringes®*~**. The reconstructed image then has a resolution
two times higher than that obtained by conventional light microscopy, which is well within the average diameter
of fenestrations*. Compared to SEM, the samples to be imaged by SR-SIM can be wet, meaning that the cells can
be observed while in culture medium, and without fixation, thus avoiding dehydration artifacts and providing
the greatest potential for live cell imaging*>4°. Here, we have used 3D-SIM to image fenestrations in live rat LSECs
from both freshly isolated and cryopreserved cultures. Similar to the observations from SEM images, LSECs from
both cultures expressed numerous fenestrations (Fig. 1g,h). However, due to the limitation of the linear SR-SIM
technique, only fenestrations with a diameter of 100 nm or more are fully resolved.
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Figure 1. General morphology of fLSECs and cLSECs. In all micrographs, the left panels show images of
fLSECs, and the right panels show images of cLSEC:s. (a) and (b) light microscopy images displaying the
general morphology of the live cell cultures. (¢) and (d) SEM micrographs of large fields of view of the

two fixed cultures. The cells had the typical “fried-egg” shape, and an identical size of 29 + 7 um for both
fLSECs and cLSECs (Statistical details are presented in Table 2 under Materials and Methods). (e) and (f)

High magnification SEM micrographs showing approximately one quarter of an entire LSEC. Numerous
fenestrations are visible in both cell conditions, clustered in sieve plates, in smaller groups or standing alone,
spread throughout the cytoplasm. (g) and (h) Maximum intensity Z-projections of 3D-SIM images of an entire
LSEC from live cultures of fLSECs and cLSECs, respectively. For visualization of the plasma membrane and
fenestrations, the fLSECs were stained with Vybrant DiO, and the cLSECs with CellMask Deep Red.
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Figure 2. Ultrastructural features of fLSECs and cLSECs. (a) Average fenestration diameter. Statistical details
are presented in Table 2 under Materials and Methods. (b) Frequency distribution of the fenestration diameter
in fLSECs (light gray) versus cLSEC (dark gray), respectively. (c) Porosity (percentage) = total area covered

by fenestrations per total surface area analyzed. (d) Number of gaps per um? (holes larger than 300 nm in
diameter). Bars represent mean + SEM.

Just as fenestrations are the gold standard for intact ultrastructural LSEC-specific identity, the functional hall-
mark of these cells is their effective uptake of soluble macromolecules that are cleared via clathrin-mediated endo-
cytosis?’. Studies over the last couple of decades have established that the LSEC endocytic function relies mostly
on the stabilin-1 and stabilin-2*3->°, mannose receptor (MR)'**"*2, and Fc-gamma receptor ITb2 (FcyRIIb2)>*54,
The expression of these receptors was tested in cultures of LSECs by immunofluorescence (Fig. 3). Total fluores-
cence intensity per cell was measured for each receptor protein staining, and we found no significant difference in
the expression between the two groups (Fig. 3 right panel).

In fully functional LSECs, the macromolecules that are recognized by these receptors are rapidly trafficked
to, and efficiently degraded in the endo-lysosomal compartments. Here, we have tested the endocytic ability
of cLSECs and compared it with the endocytic ability of fLSECs, by challenging the cultures with radiolabeled
formaldehyde-treated serum albumin (}**I-FSA), tissue plasminogen activator (**I-tPA), and aggregated gamma
globulin (**I-AGQG), ligands specifically recognized by stabilin1/2, MR, and FcyRIIb2, respectively! 4= (Fig. 4).
This assay allows precise quantification of the amount of ligand that is taken up by the cells. We found that cLSECs
had virtually identical uptake and degradation ability as fLSECs based on all three endocytosis receptors tested.

Conclusion

Here, we have established and optimized a method for cryopreservation of rat LSECs. This cryopreservation
method is very simple and reproducible, inexpensive, and readily available at any time point in any labo-
ratory, without having to spend time and resources for expensive cryopreservants and method optimization.
Cryopreserving freshly isolated rat LSECs using this method results in unchanged phenotype upon thawing and
culturing. The ability to cryopreserve fully functional LSECs will facilitate a significant increase in research using
these cells, reducing the number of animals and costs associated with cell isolation, and enable experiments to be
conducted within the time frame of a regular working day. Studying LSECs and their implications in most liver
diseases'® is important for our understanding of the natural progress of these diseases, and has the prospect of
making LSECs an attractive therapeutic target. Moreover, cLSECs provide an ideal cell type for toxicology studies
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Freezing medium containing 70% RPMI,
20% FBS, and 10% DMSO

Freezing medium containing 5% RPMI, 90%
FBS, and 5% DMSO

Resuspend the cells in 1-2ml cold RPMI

Resuspend the cells in 1-2 ml cold FBS

Add cold RPMI to the final calculated volume

Add cold RPMI

Add cold FBS

Add cold FBS to the final calculated volume

Resuspend the cells using a 5ml pipette

Resuspend the solution using a 5ml pipette

Dropwise, add the DMSO while rotating the
tube containing the cells

Dropwise, add the DMSO while rotating the
tube containing the cells

Resuspend the solution using a 5ml pipette

Resuspend the solution using a 5 ml pipette

Dispense the final solution in 1 ml per cryotube

Disperse the final solution in 1 ml per cryotube

Table 1. Freezing media for cryopreservation of freshly isolated rat LSECs.

and designing pharmacological strategies, since by utilizing fully functional cLSECs one can avoid the limitations
with batch-to-batch variability in response to drug therapy, especially when the cells originate from animals with
rare conditions or liver diseases.

Materials and Methods

Materials and Reagents. Collagenase P was from Worthington Biochemical (Lakewood, NJ). Human
serum albumin (HSA) was from Octapharma (Ziegelbrucke, Switzerland). Culture medium RPMI 1640, supple-
mented with 20 mM sodium bicarbonate, 0.006% (wt/vol) penicillin, and 0.01% (wt/vol) streptomycin, phosphate
buffer saline (PBS), bovine serum albumin (BSA), and fetal bovine serum (FBS) were from Sigma-Aldrich, Oslo,
Norway. Human fibronectin was purified from human plasma by affinity chromatography on Gelatin Sepharose
4B as described by the manufacturer. Sephadex G-25 (PD-10 columns) and Percoll were from Amersham Biotech
(Uppsala, Sweden). Carrier-free Na'?’I was from Perkin-Elmer Norge (Oslo, Norway), and 1,3,4,6-tetrachloro-3a,
6a-diphenylglycoluril (Ilodogen) was from Pierce Chemical (Rockford, IL). Formaldehyde-treated bovine serum
albumin (FSA) was prepared as described*’. Aggregated gamma globulin (AGG) was prepared from human nor-
mal immunoglobulin (100 mg/ml); Baxter, Vienna, Austria) by diluting it 1:9 with PBS and incubation at 63°C
in a water bath for 1 hour. Tissue plasminogen activator (tPA) was from American Diagnostica Inc., Stamford,
CT, USA. Polyclonal rabbit anti rat stabilin-2 antibody was prepared as described™. Polyclonal goat anti human
mannose receptor (MR) and polyclonal goat anti human FcRIIb were from R&D Systems (Minneapolis, MN,
USA). Both antibodies against human MR and FcyRIIb also react with rat specimens. Rabbit nonimmune IgG
and goat serum were from Sigma-Aldrich, Oslo, Norway. DRAQ5 was from Biostatus Limited (Leicestershire,
UK). Vybrant DiO, CellMask Deep Red, Alexa Fluor-488 goat anti rabbit IgG, and Alexa Fluor-488 rabbit anti
goat IgG secondary antibodies were from ThermoFisher Scientific, Oslo, Norway.

Labeling procedures. FSA, tPA and AGG (50 mg in 0.1 ml PBS) were labeled with carrier-free Na!*I in a
direct reaction employing Iodogen as oxidizing agent, as described*®. Radiolabeled ligands and free iodine were
separated by gel filtration on PD-10 columns equilibrated with PBS containing 1% human serum albumin. The
specific activities were 3.3-5.1 X 10°cpm/pg for FSA, 1.3-1.6 X 10°cpm/pg for tPA, and 2.8-3.2 x 106 cpm/pg for
AGG.

Isolation and culture of rat liver sinusoidal endothelial cells.  Sprague Dawley, Crl:CD(SD), male
rats (Charles River, Sulzfeld, Germany) were group housed (2-3 rats per cage) in conventional Eurostandard
type IV cages with aspen bedding (Tapvei, Estonia) and with nesting material (Sizzelnest, Datesand, UK), rat
tunnels (Scanbur, Norway) and aspen chew blocks (Scanbur, Norway) as environmental enrichment. The rats
were housed under controlled environmental conditions (21 °C = 1°, relative humidity 55% =+ 5% and 12-hour
light/12-hour dark cycle). They were fed a standard chow ad libitum (RM1-E, Special Diet Service, UK) and
tap water ad libitum. The rats (body weight 250-350 g) were anesthetized with a mixture (ZRF-mix) of zolaze-
pam/tiletamine hydrochloride 12.9/12.9 mg/ml (Zoletil forte vet, Virbac, Norway), xylazine 1.8 mg/ml (Rompun,
Bayer Nordic, Norway) and fentanyl 10.3 ug/ml (Actavis, Norway). The experimental protocols were approved
by the Norwegian Food Safety Authority (approval ID: 8455). Animal handling performed at the University of
Bielefeld were approved by and carried out according to local authorities (Bezirksregierung Diisseldorf) and
international guidelines. Rat LSECs were isolated and purified from anesthetized rats by Percoll separation and
selective adherence®. Briefly, the liver was perfused with collagenase, and the resulting single cell suspension was
subjected to velocity and density centrifugations in Percoll gradients to produce purified suspensions of hepato-
cytes and nonparenchymal cells (NPCs). The NPC suspension was a mixture of Kupffer cells (KCs) and LSECs,
and essentially devoid of hepatocytes, red blood cells, and debris. The NPC suspension was seeded directly on
plastic in three 25 cm? culture dishes (Nunc, Roskilde, Denmark). Following a 45 min incubation at 37 °C, only
KCs attached and spread onto the substrate, resulting in a highly enriched LSEC fraction in the supernatant.
LSEC preparations were between 95% and 98% pure. The usual contaminants have been previously reported
to be Kupfter cells (KCs; CD163-positive), and Stellate cells (SCs; identified by their content of autofluorescent
vitamin A)'. In this study, non-fenestrated cells identified by SEM were considered contaminants. Immediately
after isolation, a fraction of the cells was seeded in the respective experimental conditions, and the remaining cells
dispensed in cryotubes for cryopreservation.
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Figure 3. Expression of main endocytosis receptors by fLSEC and cLSECs. In all micrographs, the fLSECs

are shown in the left panel and cLSECs in the right panel. The cultures were fixed with paraformaldehyde,
permeabilized with Triton X, and immune labeled with antibodies against stabilin-2 (a and b), mannose
receptor (MR) (d and e), and FcyRIIb2 (g and h). Positive immunolabeling was visualized with Alexa Fluor-
488 secondary antibodies (green fluorescence). Cell nuclei were stained with DAPI (blue fluorescence). (g—1i)
The average fluorescence intensity per cell for each receptor protein was measured and the results expressed

as relative expression, where the expression of the different markers in fLSECs equals 1. The p value is shown,
which was calculated using the Excel two-tailed paired ¢-test assuming unequal variation. Statistical details are
presented in Table 2 under Materials and Methods.

Freezing, thawing and culturing rat LSECs. Following the last step of isolation, the cells in suspension
were counted using a hemocytometer and the viability assessed by Trypan Blue exclusion (>95%). The cells
were then split into two fractions and pelleted by centrifugation for 8 min at 300 G, 4 °C. The supernatant was
decanted without disturbing the cell pellet. Each cell pellet was resuspended at a final concentration of 4 x 10°
LSECs/ml in the freezing media as described in Table 1. The solution was then dispensed into Nunc CryoTubes
(Sigma-Aldrich, Oslo, Norway), and the tubes immediately placed in Mr. Frosty cryo container (ThermoFisher
Scientific, Nalgene, Oslo, Norway). The container was transferred to —80 °C until the next day when the cryotubes
were transferred to liquid nitrogen for long term storage.

For thawing the cLSECs, the cryotubes were retrieved from the liquid nitrogen tank and immediately placed
into a 37 °C water bath. The tubes were swirled until only a small bit of ice was visible. Immediately, the cell
suspension was dropwise added to a centrifuge tube containing 40 ml pre-warmed serum-free RPMI. After
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Figure 4. Endocytic ability of fLSEC and cLSECs. Confluent cultures of fLSEC and cLSECs were established in
24-well plates and incubated for 2h at 37 °C with trace amounts of radiolabeled ligands for the main endocytosis
receptors (1°I-FSA for stabilin1/2, 1*°I-tPA for MR, and '**1-AGG for FcRIIb2). At the end of the incubation
time, the amount of cell association radioactivity and degraded radioactivity was measured in the cells and
spend medium. Bars represents mean =+ SD. Statistical details are presented in Table 2 under Materials and
Methods.

centrifugation for 8 min at 300 G, the supernatant was discarded and the pelleted cells gently resuspended in
serum-free RPMI. Cell number and viability was assessed prior seeding the cells in the respective experimental
conditions.

Scanning electron microscopy (SEM). Cultures of fLSECs and cLSECs from the same isolation were
established in serum-free RPMI-1640 at a density of 0.1 x 10° cells/cm? on fibronectin coated plastic 6-well cul-
ture plates. The concentration of the fibronectin used was 0.2 mg/ml, and the coating was done using just enough
volume to completely cover the surface area. After 10 min of incubation at RT, the fibronectin was washed oft with
PBS and cells seeded. The cells were fixed overnight in McDowell’s or 4% formaldehyde (FA), 2.5% glutaraldehyde
(GA) in cacodylic buffer. After washes with PBS, the bottom of the dishes containing the cells were cut off and
treated with 1% tannic acid in 0.15 mol/l cacodylic buffer, 1% OsO, in 0.1 mol/l cacodylic buffer, dehydrated in
ethanol, and incubated in hexamethyldisilazane (Sigma-Aldrich, Oslo, Norway), before coating with 10-nm gold/
palladium alloys. Large field of view containing several cells, and high resolution SEM images of individual cells
were acquired to assess cell size, fenestrations size and porosity. The iTEM software (Olympus, Asker, Norway)
was used for measuring the cell diameter, while measurements of fenestration size and porosity were done using
the public domain software Fiji (https:/fiji.sc)*.

Fluorescence microscopy. Cultures of fLSECs and cLSECs from the same isolation were established in
serum-free RPMI-1640 at a density of 0.1 x 10° cells/cm? on fibronectin coated 13 mm diameter #1.5 glass cov-
erslips (VWR, Oslo, Norway) and #1.5 glass bottom dishes (MatTek, Ashland, MA, USA). Following attach-
ment and spreading of the cytoplasm, the cells were either fixed and immunolabeled for confocal microscopy,
or stained and observed live by structured illumination microscopy (SIM). For immunolabeling, the cells were
washed and fixed in 4% FA for 15min at room temperature. After a blocking step of 30 min with PBS contain-
ing 1% BSA, the cells were permeabilized in 0.03% Triton X-100 for 4 min and immune labeled by antibodies
against stabilin-2, MR, or FcyRIIb as described®®®. Rabbit nonimmune IgG and goat serum were used as neg-
ative controls. The Positive staining was visualized by using secondary antibodies tagged with Alexa Fluor-488
and DRAQ5 for nuclear staining. Specimens were examined using a Zeiss Laser Scanning Microscope 780 Meta
(Carl Zeiss Microimaging GmbH, Géttingen, Germany) with a water-immersion Apochromat 40x/1.4 objective
lens. For live super resolution imaging of the fenestrations, the cells were either stained with Vybrant DiO (1:200
in serum-free RPMI) or with CellMask Deep Red (1:5000 in serum-free RPMI) for 10 minutes and immediately
imaged using a commercial super-resolving structured illumination microscope (DeltaVision/OMXv4.0 BLAZE,
GE Healthcare) equipped with a 60X 1.42NA oil-immersion objective (Olympus). 3D-SIM images stacks of 1 pm
were acquired with a z-distance of 125 nm and with 15 raw images per plane (five phases, three angles). Raw data-
sets were computationally reconstructed using SoftWoRx software (GE Healthcare). For clarity of display, linear
changes were made to brightness and contrast of the images. Total fluorescence intensity per cell was measured
using the Fiji software.

Endocytosis and degradation assay. For quantitative studies of endocytosis and degradation, fully con-
fluent cultures of fLSECs and cLSECs (approx. 0.2-0.25 x 10° cells/cm?) established in 24-well culture dishes
coated with fibronectin were incubated in 0.2 ml serum-free RPMI containing 0.1% human serum albumin and
2-3 x 10*cpm '2°I-FSA,'>I-tPA, or '*I-AGG. After 2 h of incubation at 37 °C, the amount of degraded ligands
was measured by collecting the spent medium together with one wash volume of 0.5 mL PBS. TCA (0.75ml, 20%)
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unequal variation

Cell size SD lc,d

fLSECs 27 images/449 cells

cLSECs 13 images/281cells
fLSECFenestration diameter/size 44 images/137 cells78120 SEM 2a-d
distribution/porosity/gaps fenestrations6208 gaps
cLSECFenestration diameter/ 28 images/44 cells26731 SEM 2aed
sizedistribution/porosity/gaps fenestrations2107 gaps

Two tailed paired

Immunocytochemistry Stabilin 2 t-test assuming 3

fLSECs 103 cells

cLSECs 79 cells
Mannose receptor

fLSECs 103 cells

cLSECs 97 cells
FcnRIIb

fLSECs 97 cells

cLSECs 66 cells

Endocytosis assay

2-3 repeats (2-3 wells with cells
125]_FSA +1 well-cell free control) for each 4
time an experiment was performed

fLSECs 7

cLSECs 5 SD
15[ tPA

fLSECs 3 SD

cLSECs 5
I21.AGG

fLSECs 4

cLSECs 4 SD

Table 2. Summary of the repeats for each experiment. Each experiment was performed independently, and in
parallel, using cells from 2-3 separate rats/cryotubes.

was added to precipitate intact phages. The amount of TCA-soluble radioactivity measured in the supernatant
after centrifugation represented degraded ligands. To determine the amount of cell bound and internalized lig-
ands, the cells were lysed in 0.1% sodium dodecyl sulfate (SDS). The radioactivity was measured using a Cobra
II, Auto-Gamma detector (Packard Instruments, Laborel, Oslo, Norway). The amount of non-specific binding
and free %1 in cell-free wells was subtracted. The total endocytosis represents the sum of cell-associated and
acid-soluble radioactivity.

Statistics. Table 2 summarizes the number of animals, the data, and the statistics done for the experiments
included in this study. Measurements of cell size, fenestration size, and porosity were done using the SEM images.
Only cells with clearly identifiable cellular borders were used for measurement of cell diameters. Fenestration size
and porosity were assessed in SEM images from each cell culture selected from different areas (up, right, down,
left and middle areas). Fenestrations were defined as open pores with diameters between 50-300 nm. Porosity was
defined as the sum area of fenestrations per total area of the cell in the micrograph. Gaps were defined as holes
with a diameter larger than 300 nm. Fiji software was used to identify and measure the area of all fenestrations
(circularity 0.6-1) and gaps (circularity 0.1-1). Total fluorescence intensity per cell for each receptor staining
was measured using Fiji after adjusting for background fluorescence. The results are expressed as relative expres-
sion, where the expression of the different markers in fLSECs equals 1. Comparison between the two groups
was performed using the Excel two-tailed paired t-test assuming unequal variation. Differences were considered
significant if p < 0.05.
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