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Abstract: The tight junction (T]) and the adherens junction (A]) bridge the paracellular cleft of
epithelial and endothelial cells. In addition to their role as protective barriers against bacteria and
their toxins they maintain ion homeostasis, cell polarity, and mechano-sensing. Their functional loss
leads to pathological changes such as tissue inflammation, ion imbalance, and cancer. To better
understand the consequences of such malfunctions, the junctional nanoarchitecture is of great
importance since it remains so far largely unresolved, mainly because of major difficulties in
dynamically imaging these structures at sufficient resolution and with molecular precision. The
rapid development of super-resolution imaging techniques ranging from structured illumination
microscopy (SIM), stimulated emission depletion (STED) microscopy, and single molecule
localization microscopy (SMLM) has now enabled molecular imaging of biological specimens from
cells to tissues with nanometer resolution. Here we summarize these techniques and their
application to the dissection of the nanoscale molecular architecture of T]Js and AJs. We propose that
super-resolution imaging together with advances in genome engineering and functional analyses
approaches will create a leap in our understanding of the composition, assembly, and function of
TJs and AJs at the nanoscale and, thereby, enable a mechanistic understanding of their dysfunction
in disease.

Keywords: super-resolution microscopy; structured illumination microscopy; stimulated emission
depletion; single molecule localization microscopy; adherens junction; tight junction

1. Introduction

1.1. Adherens Junctions and Tight Junctions

Epithelial and endothelial cells line multiple organs to segregate internal and external
compartments. Cell contacts are formed on the one hand by the adherens junction (AJ) which
provides mechanical adhesion, and on the other by the tight junction (T]) which primarily acts as a
barrier to solutes and water and as a fence that separates the apical and basolateral plasma membrane
domains. However, some TJ proteins form paracellular channels for small cations, anions, or water
[1].

Both junctions are characterized by extracellularly interacting transmembrane proteins that bind
via intracellular adapter proteins to the cytoskeleton [2].

TJs were first observed by transmission electron microscopy (TEM) as apical membrane contacts
extending over 200-500 nm with electron-dense areas forming a continuous belt-like attachment by
fusing the outer membrane leaflets of two neighboring cells into a 3 nm thick structure [3]. Later, by
using freeze fracture electron microscopy (FFEM) their structure was described as an interconnecting
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strand network with a general distance between its single strands of 30-80 nm in epithelial cells and
tissues [4]. The first protein components of TJs were identified as Zonula occludens (ZO-1) [5] and
later the transmembrane proteins occludin [6], junctional adhesion molecule A (JAM-A) [7], and
claudins [8]. Occludin, together with tricellulin and marvel-D3 form the tetraspan family of TJ-
associated Marvel Domain Proteins (TAMPs) [9]. Claudins regulate interactions between the TAMPs
and vice versa [10]. The mammalian genome codes for 27 claudin proteins with specific functions
and tissue-specific expression patterns. Zonula occludens 1 and 2 (ZO-1, -2) turned out to be the major
adapter proteins on the cytosolic side of TJs [5,11,12]. They act via various interaction domains as
scaffolds for occludin, claudins, and other integral T] proteins, providing their linkage to the actin
cytoskeleton [13-16]. For JAM-A it could be recently shown that its assembly enables epithelial cell
polarization. JAM-A is a single transmembrane protein that regulates membrane apposition. In
contrast, tetra spanning proteins like claudins form via their two extracellular loops paracellular
barriers or channels. So far it could be shown that claudin-2 [17] and claudin-15 [18] promote
increased water permeability and both claudins, as well as claudin-10b, also promote increased cation
permeability [19-21]. Whereas, claudin-10a [21] and claudin-17 [22] contribute to a higher anion
permeability. It is also known that some specific claudin combinations can support paracellular ion
permeability, e.g., claudin-16/-19 for cations [23] and claudin-4/-8 for small anions [24]. As recently
described a knockout of multiple claudins results in increased ion permeability but does not affect
macromolecular diffusion or polarity in epithelial cells indicating that other TJ-related proteins must
be involved [25].

The initial strand and TJ-meshwork formation is highly dependent on claudins [26] which form
via cis- and trans-interactions arrays of TJ strands which are about 10 nm in diameter. TJ strands
assemble to a complex T] meshwork at bicellular junctions. A specialized site of the T] where
macromolecules can pass has been identified to be the tricellular TJ (tT]), the location where three
cells meet [27]. The proteins of the tT] are tricellulin [28], and three singe-transmembrane proteins,
angulin-1 to -3 [29]. The tT] is virtually impermeable at high tricellulin expression for macromolecules
but becomes permeable for it at low expression as observed in the inflammatory bowel disease
ulcerative colitis [30].

The AJ mediates mechanical cell-cell interactions during development and in differentiated
tissues. Intercellular adhesion is mediated by cis- and trans-association of extracellular domains of
cadherins coded by 20 different genes in vertebrates. Tissue specific cadherins are epithelial cadherins
(E-cad), neuronal cadherin (N-cad), and vascular endothelial cadherins (VE-cad). The trans-
interactions of E-cad extracellular domains are Ca?* dependent. Intracellularly E-cad are linked via
catenin [31-33], vinculin [34,35], and other actin-binding proteins to the actin cytoskeleton [36]. Two
forms of AJ have been observed, first linear AJ linked to the circumferential actin belt in mature
epithelial sheets and second punctuate AJ at free edges with direct actin linkage. Actin bundles in
linear AJ can be contracted by actomyosins to produce planar-polarized apical constrictions during
tissue remodeling. Rho GTPases, formins, and myosins regulate actin polymerization and
contraction. Cadherin can be removed from the surface via clathrin mediated endocytosis (CME) that
counterbalances actomyosin mediated constriction in neighboring cells [37]. Therefore, AJs notably
integrate both cellular adhesion and cortical tension sensing [38] important for tissue homeostasis
and remodeling during development.

In order to mediate cell adhesion and barrier formation, both AJ] and TJ form dense and complex
multiprotein structures. Some of their characteristics like formation of the T] meshwork have been
visualized by electron microscopy (EM) [4]. However, due to the inherent limitations of EM with
respect to defining molecular and structural dynamics many key questions remain unsolved yet: for
example, how are the individual protein components like channel and barrier forming claudins of
TJs or the different components of AJs organized within the junction and how does their interaction
contribute to the overall functionality? How are junctions remodeled, e.g., by strand reformation,
endocytosis, during cell division, or upon injury? To answer these questions, it is indispensable to
understand the nanoscale organization of the molecular components of T]s (claudins, TAMPs, JAMs,
Z0Os) and AJs (cadherins, catenins, vinculin, actin-binding proteins) in fixed cells and tissue and, most
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importantly, in living preparations. Such an approach requires multi-color imaging at nanoscale
resolution by super-resolution microscopy (SRM). SRM offers the possibility to perform quantitative
analysis of nanoclusters of AJs or measurements of the strand and meshwork organization of TJs.

Recent studies using SRM have begun to uncover the nanoscale organization and dynamics of
TJs [13,39,40] and AJs and their components [41-43]. Here we provide an overview on recent
advances and limitations in SRM, summarize important new insight in junction research from recent
studies and provide an outlook for future research.

1.2. Resolution Limit

TJs were initially identified by electron microscopy analysis of ultrathin sections of resin
embedded cells and tissues as um-sized apical membrane contacts with characteristic electron dense
areas. These membrane contacts appeared to act as a barrier to organic dyes and showed specific
membrane kissing points [3]. Using freeze fracture sample preparation these close membrane
appositions could be resolved as fence-like intramembrane strands with characteristic mesh sizes of
~30-80 nm and strand morphology [4]. Using immunogold labelling on resin and freeze fracture
samples the early biochemically identified components of TJs, namely claudins and occludin, were
shown to be localized to these meshworks and specifically copolymerize in strands [6,8]. Since FFEM
involves difficult sample preparation and the immunogold labelling of chemically fixed samples even
with overexpressed proteins and with high affinity antibodies is often incomplete, a dense and
specific nanoscale distribution of multiple T] and AJ proteins was not achieved so far. Fluorescence
microscopy on the other hand offers high density labelling and highly sensitive detection of AJ and
TJ components in intact tissues and living cells. Generally, the resolution of fluorescence microscopes
is limited by Abbe’s law to 200-250 nm in the lateral and 500-700 nm in axial direction [44]. Therefore,
TJs in polarized epithelia often appear as diffraction-limited spots in x-z scans. Several fluorescence
microscopy techniques have overcome the resolution limit by either spatially or temporally
controlling fluorescence emission of which structured illumination microscopy (SIM), time-gated
stimulated emission depletion (gSTED), and single molecule localization microscopy (SMLM) have
turned out to be the three main techniques to visualize biological specimens at the nanoscale (Figure 1).
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Figure 1. Schematic depiction of the main three SRM techniques. It is shown for each technique a
detailed construction of the microscope and the light path as well as a schematic comparison of a
reconstituted T] meshwork resolved by structured illumination microscopy (SIM) (resolution limit:
100 nm) (A), time-gated stimulated emission depletion (gSTED) (resolution limit: 40 nm) (B), and
single molecule localization microscopy (SMLM) (resolution limit: 20 nm) (C) in reference to confocal
imaged TJ] meshwork (resolution limit: 250 nm). Scale bars: 200 nm.

1.3. Structured lllumination Microscopy (SIM)

In structured illumination microscopy (SIM) spatially restricted fluorescence emissions are
produced by stripe-patterned wide-field excitation (see Figure 1A) [45]. Multiple camera images are
collected from an excitation pattern with different phases and orientations. The collected images
contain high resolution information as moiré fringes are formed from the fluorescent sample
illuminated by the stripe illumination. The high-resolution information from SIM images can be
extracted from Fourier-transformed images in a process called deconvolution. Several illumination
modes have been used to create SIM excitation patterns, e.g., in 3D [45], in a total internal reflection
mode [46,47] at a grazing incidence angle [48] or in a lattice light sheet [49]. The final SIM images
show a lateral resolution of typically 100-130 nm and an axial resolution of 100-250 nm that depends
on the wavelength of emission light, the numerical aperture (NA) of the objective, the distance from
the coverslip, and the illumination mode. Using an objective with the highest NA or nonlinear SIM
with patterned activation resolutions of 84 and 48 nm, respectively, have been achieved [50].

SIM offers key advantages like the use of standard organic fluorophores and fluorescent
proteins, low excitation power, and fast imaging speeds up to several hundred frames per second
[48]. Since the image reconstruction relies heavily on mathematical processing the point-spread
function (PSF) must be determined carefully, and low intensity raw images or high background can
produce substantial reconstruction artefacts. Commercial wide-field SIM systems are offered by Zeiss
(Elyra S1 and 7), GE Healthcare (Deltavision OMX), and Nikon (N-SIM), while lattice light sheet SIM
is offered by 3i.

Point-scanning SIM or Re-Scan Microscopy uses a confocal microscope for scanning an
excitation spot over the sample and collects the fluorescence emission directly on a multi-array
detector in the absence of a pinhole element in the conjugate plane [51]. The signal at the central pixel
and the signal distribution over multiple arrays represent accurately the PSF of the microscope and
can be used to increase the resolution by a factor of 1.4 using linear deconvolution. The total signal
intensity on the array is then reassigned to the scanned pixel. Since in the point-scanning SIM the
pinhole of the confocal microscope is removed more light is collected, the resolution and signal-to-
noise is increased by working with an accurately measured PSF and linear deconvolution.
Alternatively, in a rescanning mode a camera detects the scanned emission signal with a higher
magnification that also results in a 1.4-fold increase in resolution. Commercial systems are available
from Zeiss (Airy Detector) and Confocal.nl (RCM) [52].

Standard SIM works best within the first 10 pum from the coverslip that would limit the
observation of native TJs and AJs to certain cell types or thin tissues sections. If T]s and AJs form at
flat cell contacts, e.g., punctuate AJs that are within 1 pm from the coverslip restricted excitation in
total internal refection (TIRF) and GI-SIM would enable to visualize fast dynamics of T] strands or AJ
protein cluster movements with up to 250 fr/s over extended time periods at very low light doses
[48]. Additionally, regarding the high detection efficiency and low light input of SIM we would see
it as an ideal tool to investigate the AJ/T] components at near endogenous levels for example by
CrispR mediated knock-in of fluorescent tag or in optically cleared samples. Since SIM relies on
mathematical image reconstruction with a strong influence of microscope alignment, temperature,
and sample parameters, a high fluorescent signal intensity, low background, and careful calibrations
are required to produce artefact-free SIM images. Overall SIM enables robust, sensitive, and fast
imaging with highest contrast, but only achieves routinely resolution down to 100 nm resolution [53].
This resolution that is approximately half the diffraction limit would not enable resolving of



Int. ]. Mol. Sci. 2020, 21, 744 5 of 16

individual TJ strands, small T] meshes, cadherin nanoclusters, or the cortical actin organization at
AlJs.

1.4. Stimulated Emission Depletion (STED)

In stimulated emission depletion (STED) spatially restricted fluorescence emissions are
produced in the center of a coaligned focused excitation spot surrounded by a ring-shaped depletion
pattern (see Figure 1B) [54]. The emissions from the diffraction-limited excitation spot is depleted by
the ring-shaped depletion focus except for the center region. By scanning the coaligned focused spots
and detecting the emission in a confocal microscope, images with a lateral resolution of about 50 nm
can be obtained by optimizing imaging conditions such as excitation and depletion energies. The
confocal configuration eliminates out of focus light and offers both high contrast and optical
sectioning. Pulsed excitation and time-gated detection have enabled resolutions below 50 nm [55].
Using a two-objective configuration or 3D STED depletion patterns a lateral and axially similar
resolution of 50-70 nm has been demonstrated [56]. The overall STED resolution is mostly limited by
depletion laser power, alignment quality and, most importantly, by labelling density and the
availability of bright and photostable dyes with an optimal 5%-10% normalized emission intensity
at the depletion laser wavelength. Commercial STED microscopes can be purchased from Leica,
Picoquant, or Abberior Instruments.

Since both T] and AJ are formed by oligomeric transmembrane proteins the lower signal to noise
effect of STED can be outweighed by higher label density, e.g., by claudins forming strands by cis-
and trans-interactions. Low abundant or under-labelled structures may not give enough signal for
STED imaging. Multicolor STED is routinely performed with 2-3 channels. Therefore, STED imaging
of TJs and AJs with optimal labelling [57,58] and optimized 2D and 3D cell culture conditions will
show several T] and AJ components as well as the actin cytoskeleton with <60 nm resolution deep
inside cells [59]. Despite STED having the lowest signal to background ratio of all super-resolution
techniques it produces raw images that usually do not require post-processing. During a practical
comparison STED and SMLM gave similar resolutions on microtubules and vesicular structures [53].
Another advantage of STED is the possibility of imaging cellular structures in living cells and tissues
with <50 nm resolution [58] and comparing the ultrastructural preservation after chemical fixation,
permeabilization, and immune labelling [60]. Especially, the ultrastructure of tension-sensitive A],
complex TJ strand morphologies, and the actin cytoskeleton could be altered by chemical fixation.
Native AJs and TJs extend in the axial direction in polarized monolayers and are found several pm
away from the glass surface. Here the optical sectioning of STED and the possibility to increase
resolution in Z direction down to 70 nm would enable the visualization of T] and AJ structures in a
native context. For functional studies of nanoscale dynamics of AJ and TJ protein dynamics STED can
be combined with fluorescence recovery after photobleaching (FRAP), fluorescence correlation
spectroscopy (FCS), and fluorescence lifetime imaging microscopy (FLIM).

1.5. Single Molecule Localization Microscopy (SMLM)

Single Molecule Localization Microscopy (SMLM) increases resolution by exerting temporal
control of fluorescence emission. Single molecule fluorescence emissions are detected from a sparse
subset of fluorophores that show recovery from an inactive state (see Figure 1C) [61,62], photo
activation [63], photo conversion, or short presence in the detection volume [64]. Depending on the
brightness of the fluorescence signal the position of the single molecule can be determined with 2-50
nm precision [61,63,65]. The molecule positions are extracted from tens of thousands of images of
sparse emitters, drift corrected, and plotted into a new super-resolution image. The SMLM image
resolution is determined by both localization precision and localization density [66]. The limited
photon output of single molecule emissions often requires strong laser excitation, sensitive detection
by low noise cameras, and imaging in TIRF mode within 200 nm from the coverslip. Three-
dimensional SMLM was achieved by astigmatic distortion of the PSF in z direction [67], by multi-
plane detection [68] or an interferometric approach [69,70]. Both organic fluorophores and
photoactivatable or blinking fluorescent proteins can be used as labels for SMLM. The movement of
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single biological molecules in cells could be analyzed by using tracking SMLM [71]. SMLM offers the
highest lateral and axial resolution and can be performed with relatively simple setups when
significant challenges of labelling density, sample drift, acquisition time, multicolor acquisition, and
image analysis are overcome. A wide range of image analysis packages for 2D and 3D SMLM are
available [72]. Commercial SMLM systems are offered by Leica (Leica GSD), Nikon (N-STORM),
Zeiss (Zeiss Elyra P1) and Bruker (Vutara 350).

Similar to STED, the SMLM techniques offer diffraction unlimited resolution when high
labelling densities can be achieved. Therefore, endogenous labelling of T] components should be
performed with polyclonal antibodies that can bind multiple epitopes. The maximal resolution of
SMLM can be in the order of 10 nm that should be sufficient to resolve individual claudin strands or
E-cad nanoclusters. Such high resolutions often require direct genetic labelling of proteins of interest
with either photoactivatable proteins or self-labelling enzymatic tags. SMLM with photoactivatable
fluorescent proteins especially in tissue is often limited by auto fluorescent and detection of rather
dim fluorescence bursts and could therefore overestimate monomeric E-cad and underestimate
clusters. Therefore, SMLM imaging should be performed close to the cover glass, e.g., in flat
endothelial cells or in sparse cultures of epithelial cells that form flat cellular overlaps with TJ strands.
Since flat portions of cellular contacts are often not within the typical depth of a TIRF, illumination
of =200 nm SMLM should be performed with wide-field excitation and 3D SMLM. When 3D SMLM
is used on AJ or TJ structures that are located several micrometers away from the glass coverslip the
signal to noise ratio decreases that could result in more false-positive localization and a lower
localization precision. The higher signal of SMLM in TIRF mode enables the analysis of individual
AJ and TJ proteins formed in the lower plasma membrane, e.g., during early steps of polymerization,
intracellular anchoring, or signal transduction outside of AJ and TJ. In order to reveal the nanoscale
organization of multiple claudins in T] meshworks or E-cad clusters together with intracellular AJ
proteins multicolor SMLM is required. Major challenges for multicolor imaging are first to find
spectrally different fluorophores with a similar performance as the widely used Alexa Fluor 647 dye
with similar photon outputs, second harmonize buffer requirements of multiple fluorophores, and
third register multicolor images after drift correction.

A general technical review [73] and comparison of SIM, STED, and SMLM can be found in [53].
In direct comparison both SMLM and STED gave the highest resolution of <50 nm compared to
110 nm for SIM, but SIM and SMLM offered the highest signal-to-noise ratio [53]. The principle and
important considerations for TJ/AJ imaging are summarized in Figures 1 and 2 and Table 1.

Imaging of T] / A]
Axial orientation —_— Lateral orientation
i 1." i o Reconstituted junctions/ = Hl ; e
pithelial cells Endothelial cells 3D culture/tissue
Fixed
3D STED 3D STORM gSTED . SMLM  gSTED SMLM
+speed ++ pesohuticn + speed ++ resolution +speed ++ resolution
3 pecobiation (~50 nm) + resolution / (~20 nm) +resolution (~20 nm)
(~70 nm) - speed (~40 nm) ; \  -speed (~40 nm) - speed
Lattice SIM GI-SIM SMLM
Ll. ve ++ speed + speed (single particle tracking)
- resolution +labeling ++ resolution
(~250 nm) - sensitivity (~40nm)
- resolution +/-speed
e .
(100 nm) Live STED (++) very good
+ resolution (~70 nm) (+) good

+/- labeling (+/-) acceplable
-speed (=) not good
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Figure 2. Practicable overview of the ideally used SRM technique for TJ and AJ imaging regarding
the axial or lateral direction of the junction, the system (epi-, endothelial cells/fibroblasts/tissue),

different labeling (fluorescent proteins/antibodies) and imaging (fixed/live) approaches.

Table 1. Overview and direct comparison of the key parameters of SIM, gSTED, and SMLM.

SIM gSTED SMLM
100 nm (lateral) 40 nm (lateral) 20 nm (lateral)
250 nm (axial) 70 nm (axial) 50 nm (axial)

Resolution limit

Multi-color 4 colors 2-4 colors 2—4 colors
Sample preparation Standard Standard Standard
Live imaging Yes Yes Yes
Imaging speed 10 ms-10s 10 s-5 min 10 min

Illumination power  10-100 W/ecm?  1-100 kW/cm?  1-100 kW/cm?
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2. Results

2.1. Super-Resolution Imaging of Adherens Junctions Reveals Nanoscale Clustering and Stratified
Intracellular Organization

AJs form at overlaps of endothelial cells and basolateral of TJs in epithelial cells and integrate
tension sensing and adhesion remodeling [74]. In EM images AJs appear as close membrane
appositions with an electron dense cytosolic plaque of actin [3] but freeze fracture images show no
continuous strands of E-cad molecules. Instead, E-cad molecules were found in individual clusters
using diffraction limited fluorescence microscopy [75].

At the nanoscale level endogenous E-cad in Drosophila embryos was found to form discrete
nanometer-sized clusters by SMLM. The protein density estimations from fluorescence correlation
spectroscopy calibrations and from single molecule counting were consistent with tightly packed E-
cad molecules about eight nanometers apart from each other. Most E-cad was monomeric with
varying cluster sizes that have been found to be regulated by dynamin-mediated endocytosis.
Conversely, elimination of a-catenin or PAR3 reduced E-cad clustering, while interfering with action
polymerization [41].

Similarly, when SMLM 3D-STORM was performed in epithelial cells with both bright organic
dyes and photoactivatable proteins, highly homogenous cluster sizes of 50-60 nm with a fixed
distance of #160 nm were identified [42]. E-cad clusters in epithelial cells contained six molecules
similar to results in Drosophila embryos [41] and form independently of cadherin-cadherin
interactions. Mutation in E-cad that interfered with trans or cis-interaction still produced clusters,
albeit with a decreased molecular density. Coculture experiment found coexisting adhesive and non-
adhesive E-cad clusters with similar size. Dual color SMLM revealed that adhesive and non-adhesive
E-cad clusters are delimited by F-actin. Both the actin depolymerizing drug Latrunculin A and
expression of a tail-less E-cad results in the formation of larger E-cad clusters. Therefore, SMLM
revealed that E-cad forms a nanocluster surrounded by an actin fence that depends both on
homophilic interactions and anchoring via the cytosolic tail. Even larger and more mature AJs are
formed by groups of individual nanoclusters that can be linked to and stabilized by intracellular
scaffold proteins [42]. Therefore, adhesion and tension sensing are mediated by small units of E-cad
that are evenly spaced and can be finely regulated by incorporation into larger units and controlled
by dynamin-dependent endocytosis.

How are the intracellular proteins of AJs organized? Using a combination of 3D PALM, surface-
generated structured illumination together with biochemical perturbation on planarized biomimetic
cadherin-based AJs the nanoscale architecture of A] was analyzed [43]. Notably a plasma membrane-
proximal cadherin-catenin compartment segregated from the actin cytoskeletal compartment,
connected by an interface zone containing vinculin was found. The position of vinculin is determined
by catenin and vinculin showed a tension and tyrosine phosphorylation dependent extended
confirmation. The robust surface-generated structured illumination assay revealed the nanoscale
changes of vinculin conformation in different cell types, under biochemical and pharmacological
perturbations and could be verified by fluorescence resonance energy transfer (FRET)-tension
measurements. Therefore, vinculin integrates mechanical and chemical signals between cadherin and
the actomyosin layer to control cell adhesion in cells and tissues [43].

Of note, a similar stratified nanoarchitecture and tension sensitive conformation of vinculin was
previously found in focal adhesions (FA) [76]. Integrins form nanoclusters [77] while the tension
sensing molecules paxillin and vinculin form linear and non-colocalizing areas within FA [78].
Vinculin FRET-based tension sensors revealed a high tension especially at small FA and that a general
increase in cellular tension increases the size of FA [79].
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2.2. Super-Resolution Imaging Shows Claudin Meshworks, Strand Dynamics, and Molecular Composition of
the T]

TJs are organized by claudin strands and meshworks that were revealed by FFEM of cell and
tissue samples. Since EM requires strong fixation and often lacks molecular specificity SRM would
be needed to confirm the nanoarchitecture of T] in intact cells and tissues.

A first approach in this direction was done in 2003 when Sasaki et al. were able to image
dynamics of claudin strands and whole T] meshworks in claudin-1-GFP overexpressing L-fibroblasts
using confocal microscopy. However, due to the previously described resolution limit a further
analysis of multiple claudins and strand dynamics in denser not peripheral meshwork areas was not
possible [80].

Van Itallie et al. reconstituted eGFP-claudin-2 strands in fibroblasts and imaged extended
strands networks by live SIM with 120 nm resolution. Large meshes as well as single or double
strand configurations and strand dynamics could be detected. Claudin-2 networks formed in the
absence of claudin-2-ZO-1 binding and showed a higher mobility and failed to co-align with the actin
cytoskeleton. Using multicolor SIM, a partial overlap between actin, ZO-1 and claudin-2 could be
found, since actin and ZO-1 are also highly concentrated at AJ. Strand breaks and strand elongation
occurred independently of ZO-1 binding, but preferentially at branch points. Branch points were also
identified as polymerization sites of claudin and showed a weak enrichment of occludin. How other
claudins copolymerize, associate with actin, ZO-1, and occludin are important questions for the
nanostructure and the regulation of TJs. Since some claudins like claudin-3 form much smaller
meshes in reconstituted T] meshworks (e.g., Figure 3C) than claudin-2, super-resolution techniques
with higher spatial resolution like SMLM and STED will help to resolve these questions [13].

Kaufmann et al. reconstituted TJs from C-terminally YFP tagged claudin-3 and claudin-5 in an
epithelial cell line, devoid of endogenous claudin expression. SMLM with 50 nm structural resolution
resolved meshworks and found two meshwork populations with =100/360 nm (claudin-3) and
~60/480 nm (claudin-5) mesh sizes. Notably inhomogeneous claudin distribution along strands and
in claudin proteins between strands were detected and could play a role in strand formation. Since
SMLM requires >20,000 frames for image reconstruction, the dynamics of claudin meshworks were
not resolved. Available multicolor SMLM could resolve mixtures of claudins or the nanoscale
organization of TJ proteins in the future [39] (Figure 3).




Int. J. Mol. Sci. 2020, 21, 744 10 of 16

Figure 3. Reconstituted TJ] networks formed by claudin3-YFP in HEK293 cells imaged by using
SMLM (adapted from Kaufmann et al. 2012 [39]); (A) localization microscopy image of the region
marked in the conventional wide-field fluorescence image with a mean effective optical resolution 48
nm. Scale bar: 1 um; (B) magnification of claudin-3-YFP in HEK293 cells. Scale bar: 200 nm; (C) FFEM
of claudin-5-YFP/claudin-3-YFP cotransfected HEK293 cells. Scale bar: 250 nm.

An example for T]s resolved with STED microscopy has not been published yet. Just Cording et
al. in 2017 were able to image changes of the Tricellular nanoarchitecture upon treatment with
tricellulin derived peptides [81].

That STED microscopy in general is a tool to resolve T] meshworks at nanoscale level without
any further image processing is shown in Figure 4 by an example of a reconstituted meshwork of
YFP-claudin-3 in Cos? fibroblasts.

A

Figure 4. Reconstituted TJ networks formed by YFP-claudin-3 in Cos? fibroblasts (unpublished data)
imaged by using STED microscopy; (A) confocal overview image of a reconstituted T] meshwork at
the overlapping area of two transfected cells; (B) STED image of the same meshwork area from A.
Scale bar: 2 um; (C) magnification of the marked area in B. Scale bar: 500 nm.

On an endogenous level, the group around Schlingmann and Koval studied the effect of alcohol
on the nanostructure of alveolar epithelial tight junction using SMLM in combination with functional
readouts. Alcohol increased claudin-5 levels, induced claudin-18 and actin containing spikes, and
increased the paracellular flux. SMLM revealed mostly linear nanocluster arrangements of
immunolabelled claudin-5, -18, and ZO1 in TJs. Under alcohol treatment, the specific nano-
colocalization of claudin-18 and ZO1 decreased, while the colocalization of claudin-5 and claudin-18
increased. As molecular mechanism leading to alcohol induced paracellular flux the competition of
claudin-5 and claudin-18 for interaction with ZO1 was proposed [40].

3. Discussion and Outlook

Multicellular organisms and tissues rely on multiple cellular junction structures to mediate
adherence, sense tension, and form a paracellular barrier. AJs and TJs form dense and complex
multiprotein assemblies with a specific nanoscale architecture. While EM revealed claudin strands
and membrane kissing points at the T] or dense cytosolic plaques at the AJ, the intricate molecular
nano-organization and dynamic remodeling of these cellular structures only begin to emerge. As
shown by SMLM, E-cad forms in the AJ regularly spaced nanoclusters connected to a stratified
intracellular layer of tension-sensing and actin interacting proteins at the AJ [41-43]. Revealing the
dynamic nanoscale organization of AJs, especially movements of cadherins cluster, vinculin
conformational changes, and actin remodeling under tension, during vascular development and
endothelial tissue remodeling, should give important new insights into AJ regulation. Here, a
combination of single particle tracking, and live STED could enable the study of the concerted action
of multiple A] components.
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With recently developed, and now well matured, super-resolution microscopy techniques a first
glimpse at claudin strand organization and dynamics at T] was revealed. Since most TJs contain
multiple claudins and other TJ associated proteins, e.g., occludin, or JAM, and various TJ-related
scaffolding proteins that exchange on second timescales, fast multicolor imaging with nanoscale
resolution would be required. How multiple claudins and occludin assemble into the T] meshwork
is still an open question. Since multicolor SMLM microscopy is still challenging because of slow
image acquisition, low photon counts from fluorescent proteins, fluorophore incompatibilities,
channel registration errors, and drift correction errors in the range of the resolution alternative
multicolor techniques like STED and SIM are advantageous. STED imaging could also be applied to
living cells and tissues [58]. Special care must be taken for the optimization of fixation,
permeabilization, and labelling protocols as cellular nanostructures can be significantly altered
during these sample preparation steps [60]. Ideally similar nanostructures should be visible in live
STED of genetically tagged proteins, in fixed cells, and after endogenous labelling by antibodies.

Since real TJs in cultured epithelial cells and tissues mostly extend in the axial direction, the
significantly lower z-resolution of most available super-resolution techniques sets a barrier to
resolving the native TJ nano-architecture. Therefore, T] components, namely claudins and occludin,
were visualized in reconstituted flat cell culture systems that recapitulate early stages of epithelial
formation. Here, claudin meshwork structures were visualized that were very similar to early FFEM
studies. Importantly any observation in such a reconstituted system would have to be tested in
endothelial or epithelial cells, in 3D culture models [59] and, importantly, in tissues. Nevertheless the
improvement of SRM techniques which provide imaging at high resolution in thicker samples (>30
um) and most importantly also with a sufficient z-resolution to image single strands at 50-100 nm
spacing in tissue and epithelial cells will be one of the main and most important steps towards
understanding the physiology and biology of TJs. One way to achieve this goal will be by using
carefully aligned and refractive index matched 3D STED imaging of endogenously tagged abundant
TJ proteins, like claudins, ZO-1, or occludin, providing novel insights about claudin localization
within the meshwork but also its organization in the lateral membrane. Endogenous labelling still
depends on the availability of specific antibodies or recently available genetic knock-in technology.
Since SRM techniques resolve fluorophore positions down to a few nanometers, the sizes of
antibodies become a limiting factor. Therefore, we expect that super-resolution imaging of
endogenous tagged TJ], AJ, and actin will reveal the important nano-structural features of native
junctions together with the associated cytoskeleton. Small, bright, and photostable fluorescent labels
should be placed as close as possible to biological target structures that can be achieved via genetic
tags like fluorescent proteins or self-labelling enzymes like SNAP or Halo tags [82]. Brighter
fluorogenic dyes [83], more sensitive detectors, and microscopy systems like light sheet microscopes
would enable faster and better resolved imaging of AJ and TJ structures. A better understanding of
nano-structural details of TJs and AJs will ultimately enable discovery of new strategies to overcome
or strengthen the intercellular barrier for drug delivery or during tissue damage, respectively.
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