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Abstract

Fenestrae are open transmembrane pores that are a structural hallmark of healthy

liver sinusoidal endothelial cells (LSECs). Their key role is the transport of solutes and

macromolecular complexes between the sinusoidal lumen and the space of Disse. To

date, the biochemical nature of the cytoskeleton elements that surround the fenes-

trae and sieve plates in LSECs remain largely elusive. Herein, we took advantage of

the latest developments in atomic force imaging and super-resolution fluorescence

nanoscopy to define the organization of the supramolecular complex(es) that sur-

round the fenestrae. Our data revealed that spectrin, together with actin, lines the

inner cell membrane and provided direct structural support to the membrane-bound

pores. We conclusively demonstrated that diamide and iodoacetic acid (IAA) affect

fenestrae number by destabilizing the LSEC actin-spectrin scaffold. Furthermore, IAA

induces rapid and repeatable switching between the open vs closed state of the

fenestrae, indicating that the spectrin-actin complex could play an important role in

controlling the pore number. Our results suggest that spectrin functions as a key reg-

ulator in the structural preservation of the fenestrae, and as such, it might serve as a

molecular target for altering transendothelial permeability.
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1 | INTRODUCTION

Spectrin is a protein that was first identified in close vicinity to the

membrane of red blood cells.1 This actin cross-linking scaffold protein

connects the cell membrane to the filamentous actin cytoskeleton.

The functions of this cytoskeletal protein are manifold and examples

include a role in determining cell shape, membrane integrity, cell-cell

interactions, transmembrane proteins arrangement and the organiza-

tion of cell organelles.2,3 Spectrin has been reported to be present in

fibroblasts, HeLa cells, monocytes, kidney epithelial cells, endothelial

cells (aorta, heart microvascular endothelial cells), osteocytes, smooth

muscle cells and neurons of many species3-7; however, the presence

of spectrin in liver sinusoidal endothelial cells (LSECs) has not been

previously reported.
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Fenestrae, nanometer-size transmembrane pores gathered in

groups to form sieve plates, are unique morphological features of LSECs

and a hallmark of their normal physiological state.8-11 Each fenestra is

supported by a fenestrae-associated cytoskeletal ring (FACR), whose

protein composition remains unknown.12,13 To date, many studies have

focused on the structural composition of the fenestrae. The structure of

the fenestrae is most likely not caveolin-1-dependent and hence the

fenestrae are most likely not derived from the pear-shaped membrane

caveolae invaginations.14 Additionally, the fenestrae do not colocalize

with clathrin, what suggests that they are not maintained via a clathrin-

mediated pathway.15 Nonmuscle myosin and calmodulin may control

the fenestrae diameters.8 Cogger et al, illustrated that the fenestrae can

be induced in the nonraft microdomain areas of the LSECs' membrane

bilayer.16 In our recent atomic force microscopy (AFM) studies, we

observed such flat membrane structures in close proximity to the fenes-

trae.17 Nevertheless, how such a small and energetically demanding

liposomal-like structure of cell membrane around the fenestrae can

exist without “immediate” cell membrane fusion remains unclear.

Recently, using novel super-resolution fluorescence microscopy

approach, the actin cytoskeleton was shown to constitute a major struc-

tural scaffold to maintain the fenestrae within sieve plates.18-22 In neu-

rons, spectrin has been observed to arrange actin to form an actin-

spectrin ring-like periodic structure.23 We believe that such a structure

could be similar to the cytoskeletal ring-like structures found in LSECs.

Our recent work demonstrated that even better insight into the

dynamics of the fenestra structure could be achieved using multimodal

AFM imaging. Dynamically tracking the detailed structure and dynamics of

the fenestrae in vitro for the first time in living (ie, nonfixed) LSECs,13,17,24

enabled us to obtain time-dependent high-resolution images of the actin

cytoskeleton that supports the fenestrae, confirming the previously

reported fenestrae-associated cytoskeletal structures.13 We showed that

some FACRs are closed, that is, filled with lipid membrane, while others

are open.13,17 Those findings underlay the need for the coexistence of

some structural proteins, other than actin, for maintaining and switching

the fenestrae in an open vs closed state. These results suggested spectrin

as a good candidate for the formation, structural maintenance and

switching between the open/closed state of functional fenestrae.

In this study, we demonstrate the presence and structural localization

of spectrin in LSECs using complementary AFM and super-resolution

fluorescence microscopies as well as biochemical characterization. We

provide strong evidence that these cytoskeletal proteins, namely, the

spectrin-actin complex, play a pivotal role in the maintenance of the open

fenestrae and in the formation of new fenestrae. We postulate that the

actin-spectrin cytoskeleton scaffold is a key supramolecular regulator in

the structural preservation of fenestrae that acts as a functional molecular

regulator to control bidirectional transendothelial LSEC transport.

2 | RESULTS

The experimental results are presented in different sections starting

from nanoscopy wide-field fluorescence imaging combined with

immunolabeling experiments, to dynamic AFM observations including

the monitoring of pore changes using cytoskeletal-altering agents.

First, we present super-resolution fluorescence microscopy images

(direct stochastic optical reconstruction microscopy [dSTORM]) dem-

onstrating that spectrin and actin are uniformly distributed in LSECs,

including the areas around the fenestrae within the sieve plates of

LSECs. Second, we focus directly on FACRs using AFM and find that

an intact cytoskeleton ring is required to open a pore within. Third,

we show that the oxidation of spectrin is sufficient to close a fenestra

within FACR and this occurs without altering its structure. In the final

section, we demonstrate that iodoacetic acid (IAA) causes rapid

switching between the open and closed states of the fenestrae. These

data unambiguously show the importance of the actin-spectrin scaf-

fold in pore dynamics and the structural maintenance of FACRs sur-

rounding the fenestrae.

2.1 | Spectrin and Actin colocalization within the
sieve plates

To localize spectrin and actin with respect to the cell membrane, two-

colored dSTORM optical nanoscopy was performed. The dSTORM

images of LSECs labeled with CellMask Deep Red and phalloidin-

Atto488 dyes are shown in Figure 1.

As shown, the CellMask uniformly labeled the LSEC cell mem-

brane. Considering that the fenestrae are transcellular pores, that is,

empty holes through LSECs, we can easily identify the fenestrae as

dark spots on the fluorescence images (Figure 1A). By staining actin

on the cell membrane similarly to previous studies,25 we confirm that

actin surrounds the fenestrae (Figure 1B, arrowheads). Moreover,

CellMask staining enables clear visualization of the individual fenes-

trae (Figure 1C).

To assess the distribution of spectrin within LSECs, we applied

two-colored dSTORM optical nanoscopy of spectrin and actin.

Spectrin always forms heterotetramers (two alpha units and two beta

units).26,27 The mammalian alpha subunits are reportedly similar in

molecular weight but are structurally distinct and share only limited

immunologic cross reactivity.28 Therefore, similar to others,7 we

focused only on β-II-spectrin. Super-resolution images of the fenes-

trae demonstrate that spectrin and actin are uniformly distributed

within LSECs (Figure 2, control). In intact LSECs, a high signal of

spectrin from the interior of the sieve plates is often observed

(Figure 2, white ellipses, also Supplementary Figure 1).

To decrease the cell height and to increase the number of visu-

alized fenestrae (both of which facilitate dSTORM image resolution),

additional experiments on LSECs treated with cytochalasin B

(CB) were performed. Cytochalasins are widely used cytoskeletal-

altering drugs which disrupt actin filament organization. These drugs

cause depolymerization of F-actin which results in the formation of

a large amount of short actin filaments.29 Cytochalasins are reported

to increase the number of fenestrae by a factor of 3,30 which is

similar to our observations; however, the mechanism explaining why

new fenestrae are formed after depolymerization of actin remains

unknown.18
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Experimental dSTORM images for CB-treated LSECs are pres-

ented in the lower panel of Figure 1. In general, spectrin is distributed

more uniformly compared to the control samples. As expected, LSECs

treated with CB present a flat morphology with bulging nuclei (see

AFM data below), which enhances the signal-to-noise ratio in total

internal reflection fluorescence (TIRF) mode and, in consequence,

improves the resolution of the individual fenestrae images (Figure 3).

The CB data confirm the observations obtained from control LSECs:

that is, both spectrin and actin are present around the fenestrae (see

also Supplementary Figure 2).

2.2 | The spectrin-actin network and the effect of
cytochalasins

CB was further used to study the role of the spectrin-actin network in

the formation of FACRs and the fenestrae, including the open vs

closed status of the fenestrae. First, we performed AFM force vs dis-

tance measurements of the live LSECs to determine cell elasticity and

stiffness (see Section 4). CB treatment clearly caused a decrease in

cell stiffness compared to the control due to actin fiber depolymeriza-

tion in the cell cytoskeleton (see Figure 4). These data are consistent

with our early work on endothelium cell stiffness31,32 and with the

fluorescence microscopy data supporting the depolymerization of the

LSEC actin cytoskeleton due to CB (Supplementary Figure 3).

Because of the decreased stiffness (ie, relatively low Young's mod-

ulus) of living LSECs after CB treatment (see Figure 4), we were

unable to trace FACRs in real time.24,33-35 To further investigate the

interconnection between actin and spectrin, we performed high-

resolution AFM imaging on fixed LSECs. The cells were fixed with 1%

glutaraldehyde (GA) after 30 minutes of CB treatment (see Figure 5A).

Fixation using GA increased the cell stiffness by approximately two

orders of magnitude (effective Young's modulus increased from ~1 to

~100 kPa).24,33

Similar to previous reports, we detected bulging nuclei in the CB-

treated LSECs and a flat morphology on the cell peripheries.18,19 AFM

allowed us to quantify the height of LSECs and we found that the

height on the cell periphery rarely exceeded 400 nm. Furthermore,

high-resolution imaging of FACRs in individual sieve plates indicated a

significantly brighter contrast (higher elevation) around the FACR

structures surrounding each fenestra (see Fig. 5, BC). As presented in

Figure 4B, the actin filaments are often connected and form long fila-

ments (Figure 5, arrowheads). We observed uncharacteristic “closed”

fenestrae (ie, absence of the membrane opening within an incomplete

ring) (marked by white arrows in Figure 5B). This finding suggests that

a complete FACR is necessary to induce the formation of an

open pore.

2.3 | Oxidized spectrin is unable to keep the
fenestrae open

We next investigated the role of spectrin and actin in building or

reorganizing the FACR in the formation of open fenestrae in sieve

plates of live LSECs using high-resolution 4D-AFM imaging.14

Untreated LSECs were compared with cells stimulated using diamide

(DIA), a known cytoskeletal drug that disrupts spectrin.7 DIA causes

mild oxidation of spectrin and affects its tertiary structure, both in cul-

tured cells7 and in isolated protein in vitro.36 We treated living LSECs

with 500 μM diamide (N,N-dimethylamide, DIA) which resulted in an

F IGURE 1 Two-colored dSTORM images revealing the organization of the LSEC membrane and the localization of Actin. A, A low-
magnification image of the cell membrane (CellMask Deep Red) acquired at the interconnection of a few LSECs. B, Magnification of the area
indicated in image A. The cell membrane (CellMask Deep Red, red) and actin (phalloidin-Atto488, green) are shown. The arrowheads indicate the
selected fenestrae that can be distinguished in both channels. C, Magnification of the area indicated in image B for CellMask presenting a single
sieve plate with a few fenestrae. The cross section shows the diameters of the selected fenestrae determined based on the intensity of the

fluorescence signal
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immediate disappearance of the fenestrae, from 1.0 to 1.8 fenestrae/

μm up to 0.18 fenestrae/μm (n = 5). Scans performed on a similar area

of the LSECs after just ~3 minutes from the addition of DIA exhibited

a complete loss of the fenestrae and only a few gaps >400 nm could

be distinguished (Figure 6). Interestingly, a well-organized dense net

of FACR clumps were still present after DIA treatment, which clearly

F IGURE 2 Two-colored dSTORM images revealing the organization of actin and spectrin in the LSEC cytoskeleton. Intact control cells (first
row) and LSECs treated with 21 μM CB for 30 minutes before fixation (second row). Spectrin (red, spectrin β II Antibody conjugated with Alexa
Fluor 647) and actin (green, phalloidin Atto488) distribution at the interconnection of several LSECs are shown in the left panels. The right panels
present the magnifications of the selected areas (white squares) where independent and merged channels are shown. In the control samples, the
encircled areas indicate sieve plates. The individual fenestrae are identified only in CB-treated samples in TIRF mode as black (eg, arrowheads)

F IGURE 3 High-magnification dSTORM image of the cytoskeleton of CB-treated LSECs. A, The cytoplasmic distributions of actin (green,
phalloidin Atto 488) and spectrin (red, spectrin β II antibody conjugated with Alexa Fluor 647). Arrowheads indicate individual fenestrae. B,
Magnification of the selected white line indicating the cross section presented in C. D, Magnification of the single fenestrae marked in
C. Separated channels show spectrin and actin distribution around the fenestra
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indicates that the destabilization of spectrin using DIA is sufficient to

close the fenestrae in LSECs.

Additional measurements on the effects of DIA were performed

using AFM nanoindentation and Western blot analysis to assess the

effect of DIA (Figure 4). In Figure 4, we show that DIA induced the

cross-linking of both spectrin heterodimers and spectrin with actin fil-

aments, leading to a significant increase in LSEC stiffness. The

corresponding results obtained via actin-stained optical fluorescence

microscopy are presented in Supplementary Figure 3. The formation

of thick actin fibers in the cortical region of LSECs was pronounced.

Our observations on the elasticity of DIA-treated cells are in agree-

ment with other reports.37-40 Moreover, Western blot analysis of

LSECs exposed to DIA for 5 minutes (Figure 4, upper row) revealed a

significant decrease in the spectrin band intensity, which is consistent

with the observed protein disruption.

Notably, DIA does not interact exclusively with spectrin.41 DIA

was previously shown to also cause calcium ion concentration

changes/fluctuations in bovine aortic endothelial cells.41 Therefore, to

evaluate the impact of the Ca2+ ion concentration on the fenestrae

structure, we performed an experiment in which LSECs were exposed

F IGURE 4 Western blot of spectrin in control and DIA-treated
LSECs (500 μM, 5 minutes) (top). Elasticity parameter (effective
Young's modulus) calculated from Hertz-Sneddon model fit to the
force-distance curves taken at the nuclear part of live LSECs, both
untreated and treated with DIA (500 μM), CB (21 μM) or IAA
(10 μM) (bottom). The boxes indicate SD (SD), with a line and
black dot indicating the median and mean value,
respectively. *P < .001

F IGURE 5 AFM image showing GA-fixed LSECs after 30 minutes of CB treatment (21 μM). A, A bulging nucleus area (brown-orange,
>400 nm) is observed. Cell height on the periphery rarely exceeds 400 nm (blue, <400 nm). Black outlines indicate examples of the
individual sieve plates, but some sieve plates are merged (eg, black dotted line). B, Magnification of a single sieve plate. Each fenestra in the
sieve plate is surrounded with FACR. Actin filaments are often connected to each other and form long filaments (arrowheads). Incompletely
closed FACRs do not contain an open pore within (arrows). C, A cross section presents the height of the FACR and flat regions within the
sieve plate
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to calcium ionophores (1.0 μM) for 2 hours. We did not detect any sig-

nificant changes after treatment in the stability of the fenestrae or in

the fenestrae number (Supplementary Figure 4).

2.4 | Rapid switching between open and closed
states of the fenestrae after treatment with IAA

Finally, we selected IAA to further investigate the impact of the actin-

spectrin complexes on LSEC dynamics and functionality. IAA irrevers-

ibly inhibits the glycolytic enzyme glyceraldehyde-3-phosphate dehy-

drogenase and depletes cellular glutathione.42 The side-effect of IAA

is its interaction with thiol groups, especially in cysteines, leading to

the formation of S-carboxymethylated cysteines.43 This effect may

additionally oxidize spectrin dimers, similarly to DIA. Opas et al.44

reported that IAA caused the depolymerization of actin stress fila-

ments in embryonic chick retinal pigmented epithelial cells. Therefore,

we posited that IAA could act on both the actin and spectrin

structures.

Indeed, in our experiments, LSECs exposed to 10 μM IAA showed

degraded thick stress filaments and decreased cell height in the

peripheral regions of the cells (effect on actin). In Figure 4, we present

the results of cell elasticity measurements via AFM indentation of live

LSECs. IAA treatment caused decreased cell stiffness compared to the

control, similar to the effect of CB. These data are consistent with

the fluorescence micrographs supporting the depolymerization of the

LSEC actin cytoskeleton as shown in Supplementary Figure 3.

Subsequently, 4D-AFM tracking on a single sieve plate area of a

live LSEC revealed that individual fenestrae changed from the open to

closed state and vice versa in a time window as small as 1 second,

without altering the FACR structure (Figure 7 and Supplementary Ani-

mation 1). Note that “regular” LSEC dynamics (for untreated cells)

invokes the fenestrae with a mean lifetime of 18 minutes (with many

closing in a few minutes time).13 In contrast, after IAA treatment the

switching occurred in a time period of seconds—one to two orders of

magnitude faster. On a longer time scale, however, the total number

of open fenestrae increased, such that after 1 hour of treatment the

total cell porosity rose by approximately 20% to 30% (see Supplemen-

tary Figure 3). This effect was not observed in CB-treated LSECs, or

LSECs treated with any other agent investigated so far. A summary of

the most important experimental findings is listed in Table 1.

3 | DISCUSSION

Using conventional electron microscopy (EM) methods and cryo-

EM,8,22,45,46 actin filaments have been shown to support the LSEC

membrane through a ring-like structure organization that forms

FACRs. In the present work, (see Figures 1, 2, and 4–7) such struc-

tures could readily be characterized by means of AFM imaging and to

some extent by super-resolution fluorescence nanoscopy. Impor-

tantly, only completely closed FACR structures contained fenestrae in

the open state, as documented in Figure 4B. Although selected

cytoskeletal-altering drugs that affect actin structure also increase the

number of the fenestrae,8 how actin could be organized into rings that

constitute FACRs around the fenestrae is unknown. To study this

question, we performed a series of experiments focused on the candi-

date protein, spectrin, which we hypothesized to be involved in the

formation and structural integrity of the fenestrae.

Spectrin's functional length is approximately 55 to 65 nm but can

extend up to 200 nm,26 which makes it a perfect candidate to control

the fenestrae in their open vs closed states. One could expect that

the interaction between spectrin units and actin across the cell mem-

brane is greatly facilitated at the cell periphery because the cell height

is reduced and because of the presence of numerous short actin fila-

ments. Consequently, spectrin should be able to efficiently arrange

actin to form FACRs and control fenestrae formation, through a

mechanism similar to that observed in axons.23

F IGURE 6 AFM images highlighting FACRs in LSECs. A, Peripheral part of an LSEC sieve plate presenting fenestrated morphology (control). A
net of FACRs can be observed as brighter (higher) parts within the cell cytoplasm. B, After injection of 500 μM DIA to the medium, a similar area

of the same LSEC was visualized and shows immediate (<5 minutes) closing of the fenestrae. The measurement initiated after ~3 minutes
(8 minutes long) from the injection presents the F-actin filament structure around FACR (arrowheads)
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Our dSTORM and AFM imaging measurements on untreated and

CB-treated LSECs clearly indicate that spectrin remains colocalized

with the actin scaffold surrounding the fenestrae (see Figures 1 and

2). We also observed that the fenestrae are formed at the peripheral

parts of the cells, where the distance between the upper and lower

parts of the cell membrane (the cell local height) is lower than 300 to

400 nm (Figure 4). The proposed spectrin-actin scaffold structure can

also explain the speed of alterations in the fenestrae number at the

peripheral parts of LSECs. Rapid changes are typically observed in the

first hours of culture during cell spreading on a glass slide in contrast

to relatively stable fenestra structures in the area close to cell-cell

interconnections.13,17 One can reasonably postulate that during

LSECs spreading, the cells rearrange their actin cytoskeletal filaments

causing continuous rapture of the spectrin-actin connections across

the cell membrane. These actin-spectrin complexes are strong enough

to allow migration of the individual fenestrae across the cell mem-

brane, supporting previous reports.13 In high local height areas of the

cell, such as around the perinuclear area, spectrin units cannot main-

tain an open pore. In such cases, only small invaginations in the cell

membrane19,24 or fenestrae labyrinths47 could be observed. Conse-

quently, all the cytoskeletal drugs that cause the depolymerization or

reorganization of actin simultaneously cause a decrease in cell height

at the peripheries and as a result increase the porosity.8,19,46 In con-

trast, the cross-linking of spectrin-actin complexes and the facilitation

of a spectrin-spectrin bond either by other external agents or due to

intracellular signaling processes, increase the stiffness of LSECs

(decrease the deformability of the cytoskeleton) and leads to fenes-

trae closure. This statement is supported by the observations shown

in Figures 6 and 7 and Supplementary Animation 1.

DIA has been shown to stoichiometrically oxidize the thiol group

of cysteine without generating radicals.36 DIA reduces the actin-

spectrin binding mediated by band 4.1 in red blood cells and thus this

drug is widely used as spectrin-specific compound.7,36,39,48 Ferru

et al49 showed that spectrin promoted band 3 phosphorylation caus-

ing its release from the red blood cell cytoskeleton. This effect,

together with the decrease in binding to ankyrin, affects actin-spectrin

connections in close proximity to the cell membrane. A similar obser-

vation is reported here, where FACRs remained unaffected but

spectrin oxidation caused a weaker connection to the cell membrane

resulting in cell membrane fusion around the FACRs (Figure 6).

The effect of IAA covers the combined effect on the actin-spectrin

complex. IAA acts on cysteines in spectrin, similar to DIA (Figure 7

and Supplementary Figure 5). This process is likely to be proceeded

(or occurs concurrently) by the initial cytoskeleton degradation due to

F IGURE 7 High-resolution AFM image on a part of a single-laying sieve plate within a live LSEC. A, Note, measurements are derived after
exposure to 10 μM IAA. B, FACRs (white arrowheads) remained unchanged while the fenestrae changed from an open to closed state. C, The
cross section indicated as a white line in A shows elevated FACR surrounding a closed fenestra. Each AFM image/frame took 55 seconds and
consisted of 80 × 80 pixels. See Supplementary Animation 1 for the corresponding 18-minute long video animation

TABLE 1 Summary of LSEC fenestrae structure and functionality changes due to various actin/spectrin active agents

Active agent Actin structure modification Spectrin oxidation Cell stiffness Fenestrae open/closed Porosity

CB Depolymerization No Low Largely open Increased by 200%

DIA Actin cross-linking Yes High Closed Greatly reduced

IAA Depolymerization Yes Low Fast switching Increased by 20%-30%
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IAA as documented by lowering cell stiffness (see Figure 4) and trans-

formation of the actin cytoskeleton structure shown in the fluores-

cence micrographs (Supplementary Figure 3). The resulting cell

flattening implies that some new areas at the cell peripheries are

reaching the conditions (critical thickness) required for FACR forma-

tion as described above. Concurrent disruption of the actin-spectrin

scaffold facilitated by IAA gives rise to quick switching between the

open/close state. Interestingly, the actin FACRs of switching fenestrae

are unaffected. Importantly, fast switching without affecting the

FACRs cannot be explained by cell flattening alone and was not

observed for untreated LSECs and for CB-treated LSECs. We hypoth-

esize that fast “blinking” of the fenestrae is caused by a fine balance

of actin depolymerization and cytoskeleton degradation that involves

spectrin oxidation. Furthermore, IAA can also affect glycolysis in

LSECs which may influence the open vs closed state of the fenestrae.

Therefore, we performed additional experiments using 50 mM

2-deoxy-D-glucose (2DG), which affects glycolysis. After treatment,

the fast switching between the open and closed states of the fenes-

trae was not observed (data not shown).

In conclusion, we have shown that spectrin, due to its rod-shape,

its ability to easily change length from approximately 50 to 200 nm,

and its ability to bind to membrane proteins, forms the necessary scaf-

fold to form and maintain such energetically unfavorable structures as

open fenestrae. Using contemporary super-resolution microscopy

techniques such as AFM force- and dSTORM nanoimaging, we

obtained structural data that indicates a close correlation between the

spectrin-actin cytoskeleton network and the open status of LSEC

fenestrae. We show strong evidence that the rapid switching between

the open and closed status of the fenestrae is determined by the

actin-spectrin scaffold. The IAA experiments designate spectrin as a

key regulator in controlling this switching process and the structural

integrity of the fenestrae. Hence, we therefore suggest spectrin as a

candidate molecular target to alter the porosity of the liver sinusoidal

endothelium. Interfering with the spectrin cytoskeleton for example

might beneficially affect the permeability of LSECs and thereby con-

tribute to overall liver health.

4 | METHODS

4.1 | Animals and experimental design

Male C57BL/6 mice (6-8 weeks old) were obtained from the Centre

for Experimental Medicine (Bialystok, Poland) and kept under stan-

dard laboratory conditions. The number of mice dedicated for LSEC

isolation was obtained from at least three animals per group. The ani-

mals were housed in colony cages in a temperature-controlled envi-

ronment (22�C-25�C) with a 12 hours light/dark cycle. The mice had

free access to food and water. At the end of the experiment, the mice

were weighed to obtain their final body mass and anesthetized with

ketamine (100 mg/kg) and xylazine (10 mg/kg) administered intraperi-

toneally. All procedures involving animals were conducted according

to the Guidelines for Animal Care and Treatment of the European

Union and were approved by the I Local Animal Ethics Commission at

Jagiellonian University in Kraków, Poland (Permit No. 292/2015).

4.2 | Isolation of LSECs

LSECs were isolated according to the procedure described in detail

elsewhere.13 Isolated and purified cells were seeded on round glass

coverslips (80 000 cells/slide) and cultured overnight (12-14 hours).

Next, the cells were measured live or fixed with 1% GA for 2 minutes

or 3.6% paraformaldehyde (PFA) for 15 minutes.

4.3 | Drug treatment

After a 1 hour preincubation in fresh medium, LSECs were treated

with the agents detailed below. When investigated using AFM, the

agents in a 40 to 50 μL volume were added directly to the BioCell

(JPK Instruments) in a concentration necessary to obtain a desired

final concentration in the working solution (max volume of 500 μL).

Briefly, CB (from Dreschslera dematioi; Sigma Aldrich) was added to

LSECs at a final concentration of 21 μM in EGM-2 medium (Lonza).

Afterward, the cells were exposed to CB action for 30 minutes before

fixation. The stock solution of CB was prepared in dimethyl

sulphoxide (DMSO). The final concentration of DMSO in a working

solution did not exceed 1:1000, which was tested to have no effect

on the cytoskeleton and on the porosity of LSECs. Diamide (DIA;

Sigma Aldrich) was added to a final concentration of 500 μM in EGM-

2 medium for 5 minutes (Western blot) and up to 1 hour (4-D AFM).

IAA (Sigma Aldrich) was added to a final concentration of 10 μM in

EBM-2 medium and investigated for 2 hours. Calcium ionophore

(Sigma Aldrich) was added to a final concentration of 0.5 μM for live

LSECs and 1 μM for 2 hours for fixed LSECs. 2DG (Sigma Aldrich) was

freshly prepared and added to a final concentration of 50 mM to

EBM-2 medium.

4.4 | Atomic force microscopy

Measurements were conducted using the Nanowizard 3 AFM instru-

ment (JPK Instruments). Round glass coverslips with LSECs were

placed in a liquid cell (BioCell, JPK Instruments) and analyzed at 37�C

for the living LSECs and at 25�C for the GA-fixed LSECs under ambient

conditions. For live cell measurements, 25 mM 4-(2-hydroxyethyl)-

1-piperazine ethanesulfonic acid buffered medium was used. For time-

dependent AFM measurements, a group of two to five cells was

selected and investigated for 1-3 hours. Each experiment was repeated

at least three times and a single representative experimental data set

was shown in the paper. For fixed LSECs, at least five images from

three independent samples were analyzed. All AFM data were per-

formed utilizing the “quantitative imaging” mode (JPK Instruments) as

described in detail before.13,17,50 Raw AFM images were subject to

minimum processing (plane fitting, contrast corrections) by employing

the JPK Processing Software, except Figure 4 for in which the WSxM

5.0 software was used.51
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The number of fenestrae per square micrometer was calculated

using methodology published elsewhere.50 Briefly, the area of LSECs

where the fenestrae could be formed (ie, without gaps and cell nuclei)

was measured using the Fiji software. The number of fenestrae was

counted manually. Finally, the ratio of the counted number of fenes-

trae to the area of the cell was calculated independently for five

images per group, representing two to five LSECs per image.

Atomic force spectroscopy measurements were conducted in

force mapping mode to assess the LSEC elasticity parameter. In detail,

an 8 × 8 μm2 area over the top of the cell nucleus was selected and a

matrix of 8 × 8 force-distance curves was acquired with an acquisition

speed of 2 μm/s. The loading force of 300 pN was selected to deter-

mine the mechanical properties of the cortical layer only.52,53 We per-

formed measurements using Novascan V-shaped cantilevers with a

nominal spring constant 0.01 N/m and a spherical polystyrene tip

(7.9 μm diameter). Elasticity was calculated according to the Hertz

model using JPK Processing Software. We randomly selected 10 to

15 LSECs per group. Because DIA and CB affected LSECs quickly,

they were added to the cell medium for 15 minutes and then removed

by applying fresh medium. The AFM experiments were then per-

formed within 60 minutes. IAA was added to the medium and the

measurements were performed within 60 minutes.

4.5 | Statistical analysis

The statistical significance of each difference between a control and

treated LSEC was calculated with Student's t test for unpaired data.

The values are expressed as the mean ± SD. A P value less than .05

was considered significant.

4.6 | Direct stochastic optical reconstruction
microscopy

To reduce autofluorescence, PFA (3.6%, 15 minutes) was used as a

fixative agent for the fluorescence experiments. PFA-fixed cells were

treated for 7 minutes with 0.1% Triton X-100 followed by 60 minutes

of blocking in a 1% fetal bovine serum solution. Then, the LSECs were

labeled using 1:200 monoclonal spectrin βII primary antibodies (Santa

Cruz Biotechnology; overnight, at 4�C) in blocking buffer, followed by

staining using 1:200 secondary polyclonal antibodies conjugated with

AlexaFluor647 in PBS. Next, LSECs were stained for 30 minutes using

phalloidin-Atto488 (Sigma Aldrich) diluted 1:500 from stock solutions

in PBS. Finally, LSECs were postfixed using 3.6% PFA for 30 minutes.

dSTORM data were acquired on the Nanoimager S Mark IB from ONI

(Oxford Nanoimaging Ltd.) with the lasers 405 nm/150 mW,

473 nm/1 W, 561 nm/500 mW, 640 nm/1 W and dual emission

channels split at 640 nm. To increase the resolution, the imaging was

performed in TIRF mode. The data were processed via NimOS from

ONI. During the two-colored dSTROM experiments, the signal was

first acquired for spectrin using a 640 nm laser (20 000-30 000

frames) followed by a similar acquisition for actin using a 473 nm

laser. To assess the specificity of the antibodies, the samples were

treated with secondary antibodies only (ie, negative control) and a

negligible signal was observed. The labeling experiment was repeated

three times and from at least three different animals.

4.7 | Spectrin βII Western Blot

The protein concentration in each sample was measured by the

bicinchoninic acid Protein Assay Kit (Thermo Fisher Scientific). Sam-

ples containing 5 μg of total proteins were loaded into 7.5% SDS-

PAGE gels, separated electrophoretically under constant voltage

(100 V/h) and transferred (80 mA/ overnight) onto PVDF membranes

(Bio-Rad). The membranes were blocked in a 1x Tris-buffered saline

(TBS; pH 7.5) containing 5% wt/vol nonfat dry milk, incubated with a

primary mouse monoclonal Anti-Spectrin βII antibody (Santa Cruz Bio-

technology) 1:1000 in TBS buffer for 1.5 hours at room temperature,

and with mouse IgG kappa binding protein (m-IgGκ BP) conjugated to

horseradish peroxidase (Santa Cruz Biotechnology), 1:5000 for

45 minutes. Immunoreactive band detection was achieved by chemi-

luminescence (ChemiDocMP; Bio-Rad) and normalized to the total

protein content detected on the membranes using the ImageLab soft-

ware (Bio-Rad). The experiment was repeated using four different

LSEC samples originating from one single isolation.
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