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Abstract

The retinal pigment epithelium (RPE) is a monolayer of pigmented cells which plays an
essential role in visual function via its interaction with the adjacent neural retina. Typically
hexagonal in shape and arranged in a mosaic-like pattern, RPE cells maintain a relatively
uniform size and arrangement in healthy eyes. Under stress or disease conditions such as age-
related macular degeneration (AMD) and other heritable vision disorders, individual RPE cell
dysmorphia has been observed. This has led to investigation of potential cellular compensatory
mechanisms which may be dysregulated, affecting proper barrier structure and function. A
commonly observed dysmorphic trait is that of enlarged cells which appear to be multinucleated
(containing more than two nuclei) when viewed in two-dimensional (2D), immunohistochemically
labeled images from the apical surface perspective. One explanation for the multinucleation is
that of ongoing cellular fusion which the RPE may be employing to maintain cell-to-cell contact
while simultaneously conserving cellular resources in unhealthy tissue. While this may be the
most likely interpretation, caution should be applied when interpreting traditional (2D) images
which only use cell border outline markers in the absence of lateral markers. Here we present
two examples of high-resolution confocal images which allow for three-dimensional (3D) viewing
of a traditional apical border delineation marker (ZO-1) and nuclei as well as labeling of alpha
catenin which can serve as a lateral cell membrane marker. We find multiple examples in two
separate RPE damage models where enlarged, seemingly multinucleate, cells are in actuality
not multinucleate and instead appear this way due to surrounding cell nuclei and lateral cell
membrane displacement towards the central cell. When viewed from the apical surface, these
nuclei appear contained by the ZO-1 border, however when viewed from multiple angles it
becomes apparent that this is not the case. This approach calls for more careful analyses in

future studies investigating RPE sheet dysmorphia as this could lead to potential
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misinterpretation of the multinucleation phenomenon and by extension, the potential underlying

fusion mechanism.
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Introduction

The retinal pigment epithelium (RPE) is a monolayer sheet of cells in the eye, forming a
barrier between the neural retina and the choroid in the eye. The RPE plays a critical role in
retinal homeostasis through a myriad of functions, primarily servicing the adjacent rod and cone
photoreceptor cells of the neural retina (Strauss, 2005).

In healthy RPE tissue, the apical surfaces of individual cells in the sheet present with the
appearance of regular hexagons when viewed en face. Each RPE cell typically makes contact
with six immediately adjacent neighbor RPE cells, establishing the outer blood retina barrier.
RPE cells are terminally differentiated and no longer divide in both adult human subjects and
rodent model species.

Studies examining RPE cell structure have revealed correlations between abnormal
morphology and multiple aging and blindness disorders, such as age-related macular
degeneration (AMD) and other inherited retinopathies (Marmor & Wolfensberger, 1998; Gambril
et al., 2019; Bonilha, 2008; Christensen et al., 2017; Michaelides et al., 2003). Under stressful
conditions the RPE sheet, which is generally highly robust, can undergo numerous signs of
damage, exhibiting both functional and morphological changes. While the RPE sheet can lose
barrier functions, it appears to go to great lengths to preserve the monolayer barrier by
employing multiple reconfiguration processes. For instance, dead or dying RPE cells can be
extruded in a classical purse-string mechanism, and surrounding cells appear to fill in by
changing shapes in a pie-like pattern.

Under aging conditions, as well as after severe stress, some of the cells can become
much larger, but it is unclear how this happens. Is it a single cell that gains size, or possibly two
cells fused together, resulting in a larger single cell? Additionally, it is unclear how these
stressed or damaged cells are able to move. Is there a modification to Bruch's membrane itself

such that cells translocate by traversing laterally on the surface of a stationary Bruch'’s
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membrane, or if it is the other way around where perhaps Bruch’s membrane is modified itself
and the attached anchored cells move as the membrane does.

An additional observation of these cells under abnormal conditions is that some of the
cells appear to be multinucleate. While it is well established that rodent RPE cells may have
either one nucleus or two nuclei per cell, it is less clear if, or how, a single RPE cell might
acquire additional nuclei beyond two. It could be that due to movement over the top or
underneath another RPE cell might look like there are 3 or more nuclei in a single RPE cell, but
in fact, due to parallax in standard en face imaging techniques, it just looks like there are
multiple nuclei per RPE cell. On the other hand, pathological circumstances might lead to cell
fusion, which may offer cells the opportunity to share resources and thus save the remaining
damaged cells. Cell fusion may also be a potential mechanism which could enable thinner cells
to cover more of Bruch’s membrane via an increase in surface area without requiring an
increase in cell number. There is good evidence to support this model in aging and potential
stress models (Chen et al., 2016), thus it becomes important to ensure that we accurately
identify which nuclei belong to which cell and whether or not multinucleate cells are true
hallmarks of abnormal RPE sheet or potential imaging artifact.

A potential confound of visual RPE nuclei localization in standard en face images is that
the choroid has many nucleated cells. Show-through of endothelial cells can occur if the density
of pigment granules of the RPE or melanocytes is low, which might occur in disease and
therefore it is essential that we do not mistakenly count any of these nuclei when determining
RPE nuclei counts per cell. Thus, it is critical to accurately observe the location and shape of
nuclei in order to establish whether a given nucleus is really a nucleus of the RPE or another
confounding layer in a flatmount.

Standard imaging of ex vivo RPE sheet preparations typically involves simultaneous
immunofluorescent staining of apical cell border proteins, such as ZO-1, and nuclei with

different wavelength fluorophores. Images acquired with a confocal microscope are usually at a
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lower magnification (10-20x objective) as global patterning is of initial interest in multifield
stitched images. In some experiments, multiple images in the z-axis are acquired (z-stacks)
which are then converted to 2D maximum intensity projections (MIPs) by collapsing the z-axis
and forcing a straight apical to basal orientation of RPE cells. This process can introduce the
aforementioned parallax as nuclei from adjacent cells can actually appear within the cell border
of a central cell if enlarged at only the apical surface, and not uniformly throughout the z-axis.

While some 3D ultrastructure imaging of RPE cells has been achieved via serial block
face scanning electron microscopy (SBF-SEM)(Keeling et al., 2020), this method still presents a
technical barrier for many labs as well as not being suited for simultaneous whole eye image
acquisition used in disease phenotyping.

A high magnification (60x) 3D rendering of the RPE sheet with fluorescent staining of the
apical cell borders, basal, and lateral faces of individual RPE cells can help us decode patterns
associated with normal RPE cell properties, as well as those in stressed or damaged conditions.
Additionally, when imaged with modern, automated confocal microscopes, entire eye flatmount
preps can be obtained for large scale pattern recognition before subsequent imaging of specific

dysmorphic cells of interest.

Methods

Animal models of RPE damage

All mouse handling procedures and care were approved by the Emory Institutional
Animal Care and Use Committee and followed the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research. Adult (postnatal day 90) male C57BL6/J mice were obtained
from Charles River Laboratory (Wilmington, MA, USA) and were housed under a 12:12-hour
light—dark cycle. Following our previously published protocol (Chrenek et al., 2016), one mouse

was exposed to toxic levels of light which caused light-induced retinal degeneration (LIRD). In a
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second mouse, a subretinal injection surgery was performed, causing a temporary retinal
detachment and subsequent RPE sheet disruption (Donaldson et al., 2018). Both animals were

sacrificed and tissue harvested a few days after the respective procedures.

Tissue preparation and fluorescent labeling

Whole eye RPE flatmounts (FMs) were prepared following our previously published
protocols (Boatright et al., 2015; Jiang et al., 2013) with some minor modifications. Eyes were
fixed in Z-Fix (Anatech Ltd, Battle Creek, MI, USA) for 10 min, and then washed three times with
Hank's Balanced Salt Solution (HBSS; Cat. #14025092, Gibco by Life Technologies, Grand
Island, NY, USA). Eyes were stored at 4°C for up to 24 hours before being dissected. Following
the removal of the iris and neural retina, four radial cuts were made to produce four RPE—scleral
flaps with additional smaller relief cuts to aid with flattening of the tissue. FMs were then
mounted RPE side up, on conventional microscope slides to which a silicon gasket had been
applied (Grace Bio-Labs, Bend, OR, USA).

The FMs were rinsed with HBSS, then incubated in blocking buffer consisting of 1% BSA
(Sigma, St. Louis, MO, USA) in 0.1% Triton X-100 (Sigma) HBSS solution for 1 hour at room
temperature. Primary incubation occurred overnight at room temperature (1:100 anti-ZO-1, Cat.
#MABT 11, MilliporeSigma; 1:500 anti-CTNNA1 (alpha-catenin), Cat. #£EP1793Y, Abcam,
Cambridge, MA, USA). Following washes with 0.1% Triton-X-100 in HBSS, FMs were incubated
with secondary antibodies (Alexa Fluor 488,1:1000 donkey anti-rat immunoglobulin G, Cat.
#A21208, Thermo Fisher Scientific, Waltham, MA, USA; Alexa Fluor 568, 1:1000 goat anti-rabbit
immunoglobulin G, Cat. #A11036, Thermo Fisher Scientific) overnight at room temperature. FMs
were washed with Hoechst 33258 nuclear stain in 0.1% Triton X-100 in HBSS three times,
followed by two washes with only wash buffer, and then mounted with Fluoromount-G (Cat.
#17984-25, Electron Microscopy Sciences, Signal Hill, CA, USA), coverslipped, and allowed to

set overnight.
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Confocal microscopy and 3D image visualization

Whole eye FMs were imaged in their entirety at lower magnification (10x objective lens)
using a Nikon Ti microscope with C1 confocal scanner (Nikon Instruments Inc., Melville, NY,
USA), with sufficient z-stack thickness to capture entire RPE cells throughout the FM. Regions
of interest (ROIs) containing dysmorphic cells were then reimaged at higher magnification (60x
and 100x objective lenses) with appropriate z-slice spacing to satisfy the Nyquist requirement
for 3D capture and viewing. Imaris (version 8.4, Bitplane, Oxford, UK) software was used to
isolate and post-process ROlIs from raw confocal files as well as generate videos highlighting
cell membrane, internal alpha-catenin structure and nuclear position from multiple viewing

angles.

Results

We present videos generated from high magnification confocal z-stacks of two damage-
model RPE sheets highlighting 3D ultrastructure of individual cells. Specifically, we selected
ROlIs that exhibit a heterogenous mix of normal and dysmorphic cells and include larger than

normal, multinucleate cells.

Figure 1 (Video 1) presents an isolated z-stack imaged at 100x magnification with
labeling of ZO-1 (green), alpha catenin (red), and nuclei (blue) from a LIRD-damaged whole-eye
RPE FM. Initially oriented basal-side up, with the apical surface away from the viewer, a large,
seemingly multinucleate cell is found in the top-middle of the image. The cell is much larger than
normal by about 3-fold on each of the X- and Y-axes, suggesting an 8-10-fold increase in cell
size. This cell has a number of nuclei around its perimeter which appear to be within the cell
depending on viewing angle. Additionally, there is a large auto-fluorescent aggregate (appearing

as yellow here) of unknown composition, which is hypothesized to be internalized rod/cone
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outer segments or lipofuscin, contained within the cell. Other cells of interest include those at
the bottom middle, where again it appears that larger cells are multinucleated with a number of
nuclei appearing near their perimeters. As playback proceeds, orientation is flipped with the
apical surface being at the top when viewed orthogonally and closest to the viewer later when
viewed en face. The viewer is then “flown” through the image where the auto fluorescent
aggregate and laterally oriented alpha catenin is visible below the apically located ZO-1 rim.
Zooming closer and viewing from the apical surface, reveals multiple nuclei clustered around
the perimeter of the enlarged cell. The alpha catenin signal is removed to highlight the ZO-1
outline, mimicking typical RPE cell border delineation imaging. When the alpha catenin channel
is restored, it is apparent that the large cell is overhanging these nuclei on the ring and edge.
When rotated to a side or underneath view, it becomes clear that these nuclei actually belong
not to the central cell but to the adjacent neighboring cells and have been pushed outward in a
slightly bulging cell wall. We do not know yet whether it is the central large cell pushing over the
top of the adjacent neighbors or if the neighbors are pulling on the central cell resulting in over-

coverage of the neighboring cells.

Figure 2 (Video 2) presents a 3D view of a region which contains greatly dysmorphic
RPE cells following SRI-induced retinal detachment and recovery. Here, relying on ZO-1 (green)
solely for individual cell demarcation (as is typically found in the field) is problematic as
abnormally large cells are adjacent to select cells of strikingly smaller area. This “purse-string”
pattern has been observed in multiple models of RPE stress when viewed in en face 2D images
and potentially reflects cells in the process of programmed cell death and/or removal from the
sheet. However, it is unclear if the larger cells are actively pushing out the smaller cells or
merely expanding to fill in the previously occupied space to maintain the RPE’s barrier integrity.
When imaged with concurrent alpha catenin staining (red), the viewer can observe many

different underlying cellular shapes which don’t directly align with the ZO-1 perimeter staining.
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For instance, in the top middle of the video, there is a large, spherical structure of labeled alpha
catenin which spreads underneath multiple ZO-1 delineated perimeters. This structure
encompasses two nuclei (blue), separating them from the pair of nuclei directly below. Without
this additional ultrastructural information, the viewer might erroneously conclude that all four
nuclei are contained in an enlarged, multinucleate cell, when in reality it is two adjacent cells.
When looking at the enlarged cell in the right-middle region of the video (just below the ZO-1
labeled cell of very small area), the viewer appears to see four nuclei encompassed by the ZO-1
perimeter. However, when viewed as a 3D aspect, it is apparent that the left pair of nuclei are
visible through an open cylinder of alpha catenin, suggesting that they are located in a different
cell, with the pair on the right more superficially separated. Special care should be taken to
determine in 3D space if these two pair of nuclei are contained by the enlarged cell or are
indeed in separate cells. Thus, when viewed in 3D with the addition of lateral labeling, this video
exemplifies the multitude of dynamic and dysmorphic reorganization that occurs following RPE

stress.

Conclusions

The images and work presented here emphasize the need to determine the location of
nuclei accurately, precisely, and reliably in RPE cells. By using relatively standard confocal
microscopy but with the appropriate approach to instrumentation and image acquisition settings,
we simply employ a careful look at nuclear localization in 3D. We used a user-friendly, and
commercially available program, Imaris, for visualization and creation of videos, however other
software (including Imaged with appropriate plugins) would surely be adequate for the same
purpose.

A key question when analyzing RPE dysmorphia is if neighboring cell nuclei remain in

their respective origin cells but are visualized within an enlarged central cell’'s borders when
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viewed en face, or are indeed components of a larger multinucleate cell. Our results suggest
that when looking at large, multinuclear cells in a RPE sheet which has been subjected to
stress, it is important to visualize these changes from a 3D perspective at the individual cell
level. In multiple images, we show that nuclei which appear as members of a large
multinucleate cell are actually still members of surrounding cells when viewed at higher
magnification and alternate angles than the standard apical to basal collapsed view.

Correct interpretation of multiple nuclei in RPE cells depends on a better understanding
of how the basal and lateral faces of the RPE cells move following aging and stress. A small
proportion of RPE cells appear capable of greatly increasing in size following severe stress.
Largely absent under normal conditions, it remains unclear if all RPE cells have this capability to
vastly enlarge, or if only a small subclass of RPE cells can do this. Further experiments
investigating damage-associated morphological abnormalities are required to understand the
unusually large cell phenotype and find potential common traits, if any, between damage
conditions. It is likewise unclear if these cells can undergo further morphological or functional

transformations such as, but not limited to, epithelial-mesenchymal transition (EMT).

Figures

Figure legends

Figure 1/ Video 1 — 3D video of confocal z-stack (100x magnification) showing ZO-1 cell
perimeter (green), alpha catenin lateral and perimeter (red) and nuclear (blue) labeling from
various angles not available in traditional 2D en face viewing from the apical surface. RPE cells
have developed dysmorphia following LIRD. Large, seemingly multinucleate cells are shown to
contain only a maximum of two nuclei when viewed from alternate angles and with a concurrent

lateral labeling of alpha catenin.
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Figure 2 / Video 2 — 3D video of confocal z-stack (100x magnification) showing ZO-1 cell
perimeter (green), alpha catenin lateral and perimeter (red) and nuclear (blue) labeling. Vast
changes in individual RPE cell size, shape, orientation and alignment are visible during recovery
from SRI-induced retinal detachment. Again, large, seemingly multinucleate cells are shown to
contain less nuclei than expected when counted using ZO-1 perimeter staining and typical
apical viewing, instead of lateral labeling of cell membranes and alternative viewing angles in

3D.

Figure placeholders for videos

Figure 1/ Video 1 — 2D snapshot of Video 1, serving as placeholder for accompanying video
file which is located in supplemental material due to digital media format guidelines of the

archive. Video should be considered primary figure.
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Figure 2 / Video 2 — 2D snapshot of Video 1, serving as placeholder for accompanying video
file which is located in supplemental material due to digital media format guidelines of the

archive. Video should be considered primary figure.
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