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PURPOSE. To quantitatively evaluate the changes in orientation and morphometric features
of mouse retinal pigment epithelial (RPE) cells in different regions of the eye during
aging.

METHODS. We segmented individual RPE cells from whole RPE flatmount images of
C57BL/6J mice (postnatal days 30 to 720) using a machine-learning method and evalu-
ated changes in morphometric features, including our newly developed metric combining
alignment and shape of RPE cells during aging.

RESULTS. Mainly, the anterior part of the RPE sheet grows during aging, while the poste-
rior part remains constant. Changes in size and shape of the peripheral RPE cells are
prominent with aging as cells become larger, elongated, and concave. Conversely, the
central RPE cells maintain relatively constant size and numbers with aging. Cell count in
the central area and the overall cell count (approximately 50,000) were relatively constant
over different age groups. RPE cells also present a specific orientation concordance that
matches the shape of the specific region of the eyeball. Those cells near the optic disc
or equator have a circumferential orientation to cover the round shape of the eyeball,
whereas those cells in the periphery have a radial orientation and corresponding radial
elongation, the extent of which increases with aging and matches with axial elongation
of the eyeball.

CONCLUSIONS. These results suggest that the fluid RPE morphology reflects various growth
rates of underlying eyeball, and RPE cells could be classified into four regional classes
(near the optic disc, central, equatorial, and peripheral) according to their morphometric
features.
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The retinal pigment epithelium (RPE) is a monolayer of
regularly packed polygonal cells located between the

choroid and the neural retina. The main functions of the
RPE are to support the visual function of photoreceptors,
reinforce the choriocapillaris through vascular endothelial
growth factor secretion, and act as a barrier.1,2 Although
RPE cells are known to have regular shapes and spatial
organization, they can also deform locally to fill in gaps
as the basic characteristics of epithelia.3 In previous stud-
ies, we found that the quantitative analysis of RPE sheet
morphology, particularly the RPE cell area and its aspect
ratio, allowed discrimination of mouse age and strain.4 In
a human cadaver eye study, RPE cells differed in area and
shape by region and age.5–9 These findings indicate that

morphometric features of RPE cells can be indicators of the
cell pathophysiologic status.

The RPE is known to be a quiescent cell with limited
proliferation ability.10,11 However, the ocular tissue under-
neath the RPE continues to grow during development and
aging. In a study on growth and development of the mouse
RPE, the RPE surface area increased about 10-fold from
embryonic day 15 to adulthood, whereas the number of RPE
cells increased only about fourfold during the same period.
This suggests that much of the increase in tissue size results
from the increase in individual cell size rather than in the cell
number.12 Studies on human RPE also suggest that there is
a net decrease in the overall density of RPE cells without
major RPE loss during aging.5–9,13
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These prior studies suggest that the RPE cell size tends
to increase with age, and this change in cell size may
differ by eyeball region; however, in previous studies, cell
area information was estimated by counting the number of
cells in representative small regions across a much larger
area of the full sheet.11,13,14 With such methods, it was not
possible to evaluate the variation in cell size or various
morphometric features, including cell shape and orienta-
tion. In prior studies, we selected and cropped 45 to 60
representative regions of equal size from the whole merged
flatmount image.4,15,16 Despite these efforts, the RPE sheet
area used for analysis represented only a small propor-
tion of the total area. These evaluations did not include
individual cell spatial or orientation information. Thus, in
this work, we evaluated the morphometric features of each
RPE cell in a whole RPE flatmount image using a machine-
learning-based, single-cell segmentation method. In particu-
lar, we evaluated whether the RPE cell patterns indicate the
varying degree of eyeball growth in the different regions
during aging by quantitative RPE cell morphometric anal-
yses. For this purpose, we have proposed a novel morpho-
metric metric that combines cell spatial alignment and shape
information.

METHODS

Mouse RPE Flatmount Preparation

In this study, we analyzed selected flatmount images
in our accumulated reference database, which we previ-
ously described.4,16 We selected two of the best-prepared
C57BL/6J mouse RPE flatmount images per each age group
(postnatal day 30 [P30], P45, P60, P180, and P330) and four
RPE flatmount images of P720 C57BL/6J mice from our
database (images are available at the Cell Image Library,
http://cellimagelibrary.org/groups/52245). We chose images
without major gross defects or tissue deformation and
images that were taken under even illumination. Mouse
information and details regarding the RPE flatmount prepa-
ration technique are provided in the previous literature.4,16

The animals were treated according to the ARVO State-
ment for the Use of Animals in Ophthalmic and Vision
Research, and the study was approved by the Emory Univer-
sity School of Medicine Institutional Animal Care and Use
Committee.

RPE Flatmount Image Segmentation

For morphometric analysis of individual RPE cells in each
flatmount image, we segmented RPE cells in flatmount
images (Fig. 1A). We extracted the green-channel image
that captured cell borders stained with ZO-1 (Fig. 1B).
Using a machine-learning-based ImageJ (National Institutes
of Health, Bethesda, MD, USA) plugin, Trainable Weka
Segmentation,17 the image was binarized (Fig. 1C). Follow-
ing a sequence of steps including despeckling, skeletoniza-
tion, and abnormally segmented cell removal in a semi-
automatic way, cells with artifacts were removed from
further analysis, such as those in tissue foldings or cells
at the cut edge (Figs. 1G–1J). These processing steps
result in the skeletonized images with thin cell borders (1
pixel in thickness). The percentage of the analyzed image
area varied according to the overall staining quality. Such
analyzed image region percentages were generally low near
the optic disc and in the periphery (Fig. 2K). The over-

FIGURE 1. Flatmount RPE cell segmentation. Serially processed RPE
flatmount images are presented. Magnified images are the corre-
sponding area of the red rectangle on whole flatmount images. (A)
Mouse RPE flatmount was stained for ZO-1 (green) and nucleus
(propidium iodide, red). Artifacts (folds) made during the flat-
mount preparation are indicated with yellow arrows. (B) Green-
channel image. A signal from green fluorescence (ZO-1 staining)
was extracted. (C) Binarized image. Using the machine-learning-
based ImageJ plugin Trainable Weka Segmentation, the image was
binarized. (D) Despeckling. Particles less than 100 pixels in size
were removed from the image; however, this process also removed
cell boundaries with minor discontinuity (red dotted circles in C and
D) as well as small particles inside the cell areas (red circles in C
and D). (E) Skeletonization. The image was skeletonized with thin
cell borders. After the noise signal inside the cell was removed (red
circle), some cells had missing boundaries (red dotted circle). (F)
Image adjustment. Comparing the pixel intensity between the origi-
nal image (green-channel image, B) and binary skeletonized image
(E), the missing boundaries were recovered (red dotted circle), and
speckles were suppressed (red circle). (G) Removing cells with
unconnected lines or touching the cut edges of the flatmount. Cells
without complete boundaries inside the cell area particularly near
the artifact were removed (red arrows). Cells on the cut edges of
the flatmount (blue dotted line in F and G) were also removed, as
these cells are likely to be damaged during flatmount preparation.
(H) Cell removal according to the area and morphology criteria.
Cells less than 20 pixels or greater than 2000 pixels were removed.
Those with solidity (cell area/convex area) less than 3 SDs from the
mean of each zone were also removed. These concave areas result
from the undersegmentation of multiple cells (red dotted circle). (I)
Manual cell removal. Using our developed MATLAB-based graphi-
cal application, we overlaid the original green-channel image with
the segmented image. All cell candidates were labeled by a green
mask initially. We then clicked on the erroneously segmented cells,
which are represented by a red mask (in red dotted circles). Cells in
red masks were removed from further analysis. We carefully exam-
ined the cut edges of the flatmount and regions with artifacts such
as tissue folding, and we eliminated any damaged cells from those
areas. (J) The final analysis image set was prepared. These steps
generally eliminated 30% to 50% of the RPE cells from the area of
the whole flatmount.

all percentage of the analyzed area was 53.7% ± 8.8%
(Fig. 2L).

Morphometric Analysis

Using the skeletonized image with thin cell borders (1
pixel in thickness), we performed several morphometric

http://cellimagelibrary.org/groups/52245
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FIGURE 2. Morphological analysis of RPE cells in different age groups. Two flatmount images from each of five age groups (P30, P45,
P60, P180, P330) and four flatmount images from P720 were analyzed. (A) Zone segmentation. The radius (R) was defined as the distance
from the center of the optic disc to the farthest point of the flatmount. Each image was evenly divided into five zones by such distance.
Each corresponding concentric zone was designated by zone 1 (center) to zone 5 (periphery). (B) The flatmount area monotonously
increased until P180, and after that the rate of increase decreased. (C) The increase rate of the cumulative flatmount area was constant until
1200 μm; however, it was higher in the old group after a distance of 1200 μm. (D) Average cell area. Young mice showed decreased cell size
from center to periphery. As the mice got older, cell size increased in the peripheral area. Overall, the average cell size was larger in the
old group, particularly in zone 1 (young, 296.9 ± 8.8 μm2; old, 324.3 ± 16.3 μm2; P = 0.003), zone 4 (young, 253.2 ± 18.8 μm2; old, 304.4
± 13.8 μm2; P < 0.001), and zone 5 (young, 234.6 ± 20.8 μm2; old 436.2 ± 94.2 μm2; P < 0.001, t-test). (E) The change in cell perimeter
showed a similar pattern to the average cell area. (F) The aspect ratio (major axis length/minor axis length) was high near the optic disc and
in the periphery. The aspect ratio was significantly greater in the old group in zones 3, 4, and 5: zone 3, 1.26 ± 0.01 for young mice versus
1.30 ± 0.03 for old mice (P = 0.016); zone 4, 1.35 ± 0.01 for young mice versus 1.39 ± 0.04 for old mice (P = 0.011); zone 5, 1.43 ± 0.02
for young mice versus 1.56 ± 0.10 for old mice (P = 0.005). (G) Eccentricity showed a similar pattern to the aspect ratio. The eccentricity
was large near the optic disc and in the periphery. The eccentricity of old mice was greater than that of the young mice. (H) Solidity
(area/convex area) showed a decreasing pattern from the center to the periphery, in particular, zone 5 cells showed a stronger decrease as
the mice got older: 0.924 ± 0.001 for young mice versus 0.917 ± 0.006 for old mice (P = 0.007). (I) There was no significant difference in
the cumulative estimated cell count increase rate according to the distance from the optic disc center between 0 to 1200 μm range; however,
the cell count increased rapidly in the young group between 1200 μm and 2400 μm. (J) The estimated total cell number was constant over
the different age groups with an average of 49,403 ± 1711 cells per eye. (K, L) Percentage of the analyzed area over the total flatmount area.
The mean overall percentage of the analyzed area was 53.7%. The percentage of the analyzed area dropped near the optic disc and in the far
periphery.
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analyses. We calculated the morphologic characteristics of
each cell including cell area, length of the major and minor
axes, eccentricity (the ratio of the distance between the
foci of the ellipse best fit to the cell to its major axis
length), solidity (cell area/convex area), perimeter, aspect
ratio (major axis length/minor axis length), and circularity
([4 × area × π ]/perimeter2). Cells are expected to present
various morphological changes to adapt to the local environ-
ment. These changes can include cell elongation or reduc-
tion in the shape convexity to compensate for the loss of the
neighboring cells. With the cell area and perimeter measure-
ments, we compared the overall cell size in different age
groups and regions. We evaluated the degree of cellular
elongation by the eccentricity and the aspect ratio, and we
also evaluated morphological irregularity by the solidity and
circularity.

As the cell density in mouse species has been reported
to present a well-defined variation in radial but not circum-
ferential directions,14 and we found no significant cell size
variation according to the circumferential direction (Supple-
mentary Fig. S1), we only analyzed the data according to the
distance from the center of the optic disc. The morphome-
tric analysis was performed in two ways. First, we divided
five zones by the distance between the center of the optic
disc and the center of each cell (Fig. 2A) and calculated the
average value of each morphometric feature in each zone.
Second, we repeated the same analysis but by the actual
distance from the center of the optic disc. Each zone has
a 300-μm interval in the radial direction, and the average
value of each morphometric feature in each zone was calcu-
lated. We calculated the percentage of abnormal cells by
size in each zone. We defined the outlier cells as those with
size greater than three scaled median absolute deviations
(MADs), where MAD is defined as median(|Ai – median(A)|)
for i = 1, 2, …, N. The scaled MAD is defined as c × MAD,
where c = 1.4826.18,19 The cell count in each zone was calcu-
lated by dividing the flatmount area in each zone by the aver-
age cell size. These cell counts were summed to estimate the
total RPE cell numbers.

In this study, we combined the cell orientation and cell
shape to measure cell radial orientation. First, we calculated
angle θ between the major axis of the cell and the line
connecting the center of the optic disc and the center of
the cell (Fig. 3A). Note that the expression cos θ × (major
axis length–minor axis length)/major axis length increases
as angle θ decreases, thus suggesting the cell radial align-
ment in reference to the optic disc center. When the aspect
ratio (major axis length/minor axis length) increases, the
expression also increases, suggesting cells in a more elon-
gated shape (Fig. 3B).

With cell morphometric features including the cell area,
convex area, length of the major and the minor axes,
perimeter, circularity, solidity, eccentricity, aspect ratio, and
radial cell orientation, principal component analysis (PCA)
was performed on different age groups and zones. As one
more step further from the PCA results, we performed
linear discriminant analysis (LDA) to evaluate whether
cell morphometric features can be used to predict the
age or cell zone. Cells were divided into two groups
according to the region (zones 1–4 vs. zone 5) and age
groups (P30–P60 vs. P180–P720), respectively. The clas-
sification accuracy was evaluated with the K-fold cross-
validation method with fold number 10.20 All analysis was
performed with MATLAB (version R2019b; The MathWorks,
Inc., Natick, MA, USA). All MATLAB scripts used for the anal-

ysis are provided at GitHub (https://github.com/ykkim7/
Matlab-codes-for-FM-image-analysis).

RESULTS

Rate of Increase in Flatmount Area Differs by
Region and the Anterior Part of the Eye Grows
Mainly With Age

The flatmount area increased as mice got older. The rate
of increase was high in an early postnatal phase (P30–P180,
linear regression gave 0.017 mm2/day), whereas it slowed in
the late postnatal phase (P180–720, linear regression gave
0.002 mm2/day) (Fig. 2B). We divided mice into two age
groups, young (P30–P60) and old (P180–P720) based on
the largest change in the flatmount area and morphomet-
ric features between age P60 and P180. When we analyzed
the cumulative flatmount area from the optic disc center
at 300-μm intervals, the increase rate of the cumulative
flatmount area remained constant until a distance of 1200
μm (young, linear regression showed an increase rate of
4289.8 μm2/μm; old, 4383.9 μm2/μm). Linear mixed model
analysis showed that there was no significant interaction
between age groups and the distance from the center of the
optic disc in this range. However, the cumulative flatmount
area increase rate between distances of 1200 μm and 2400
μm was higher in the old group (young, 7353.6 μm2/μm;
old, 8959.7 μm2/μm). Linear mixed model analysis showed a
significant interaction between age groups and the distance
from the center of the optic disc in this range, suggesting
a significant difference in the flatmount area increase rate
between the two groups (beta coefficient [β] = 1606.0, P <

0.001) (Fig. 2C).

Peripheral Cells Grow More Than the Central
Cells and Abnormally Large Cells Appear in the
Central Area During Aging

For young mice, the average cell size showed a decreasing
trend toward the periphery; however, cells in zone 5 showed
a dramatic size increase for older mice. Overall, the average
cell size was larger in the old group, particularly in zones
1, 4, and 5 (Fig. 2D). The percentage of the outliers was
larger in the old group in zones 1, 2, and 3; however, the
percentage of the outliers was larger in the young group
in zone 4 (Supplementary Fig. S2). The perimeter showed a
similar pattern for average cell size (Fig. 2E).

Cells Become Elongated and Concave, Particularly
in the Periphery With Age

The aspect ratio (major axis length/minor axis length) was
high near the optic disc and in the periphery. The aspect
ratio was significantly greater in the old group in zones 3, 4,
and 5 (Fig. 2F). The eccentricity (the ratio of the distance
between the foci of the ellipse best fit to the cell to its
major axis length) showed a similar pattern to the aspect
ratio (Fig. 2G). The solidity (cell area/convex area) showed
a decreasing pattern from the center to the periphery, in
particular, zone 5 cells showed a stronger decrease as the
mice got older (Fig. 2H).

https://github.com/ykkim7/Matlab-codes-for-FM-image-analysis
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FIGURE 3. A measure of the degree of radial cell orientation. (A) The degree of cells oriented radially outward was calculated by (1) the
angle between the major axis of the cell and the line connecting the center of the optic disc and the center of the cell, and (2) the cell aspect

ratio. The equation cos θ × (major axis length−minor axis length)
major axis length increases when angle θ decreases, and the inverse aspect ratio, iAR = minor

axis length/major axis length, decreases. (B) Illustration of changes in angle θ and aspect ratio of the cell and corresponding changes in
the radial cell orientation. When the major and the minor axes of the cell length are the same, the aspect ratio becomes 1, and the radial
cell orientation becomes 0 (far left). When the cell is elongated, the radial cell orientation increases (second from left). When the cell is
oriented toward the center, the radial cell orientation further increases (third from left). When the cell is oriented toward the center and
the cell is more elongated toward the major axis direction, the radial cell orientation further increases (far right). (C) Changes in angle
θ are demonstrated as a function of the distance from the optic disc center. Angle θ showed a decreasing trend from the center to the
periphery, with a second hump appearing between 1600 μm and 1700 μm. Angle θ of the old group was greater than that of the young
group from 600 μm to 2100 μm; however, it was greater in the young group between 2100 μm and 2400 μm (young, 35.1° ± 3.4°; old, 30.2°
± 2.7°; P = 0.012). (D) Changes in the radial cell orientation according to distance from the optic disc center. Changes in the radial cell
orientation showed a relatively constant level until 1800 μm; however, it rapidly increased in the periphery. The old mice group showed
a higher value of radial cell orientation at the periphery compared to the young group. (E) Flatmount images from P30 mouse. The area
in red rectangles on whole flatmount images are magnified. Cells near the optic disc (red dotted circle) are elongated and encircle the
optic disc margin. Thus, the major axis and the line between the optic disc center and the center of the cell form large angles. On the
other hand, cells in the periphery (blue dotted circle) were radially outwardly oriented, making angle θ small and the radial cell orientation
large.

Cell Count in the Central Area and the Overall
Cell Count Were Relatively Constant Over
Different Age Groups

There was no significant difference in the cumulative
estimated cell count increase rate between 0 and 1200
μm (young, linear regression gave an increase rate of
14.8 cells/μm; old, 14.2 cells/μm). Linear mixed model anal-
ysis showed that there were no significant interactions
between age groups and the distance from the center of
the optic disc in this range. On the contrary, the esti-
mated cell count increase rate was higher in the young
group at distances between 1200 μm and 2400 μm (young,
29.8 cells/μm; old, 28.4 cells/μm), and the linear mixed
model analysis showed a marginal significance in interac-

tions between age groups and the distance from the center
of the optic disc in this range (β =1.35; P = 0.068) (Fig. 2I).
There was no significant difference in estimated total cell
count between young and old mice (young, 49,000.4 ±
1873.2; old, 49,704.3 ± 1640.2; P = 0.468) (Fig. 2J).

Cells Orient Radially Outwardly in the Periphery,
Whereas Cells Orient Circumferentially Near the
Optic Disc and in the Mid-Periphery

The angle between the major axis of the cell and a line
connecting the center of the optic disc and the center of
the cell (angle θ) reached the largest value for cells near the
optic disc and showed a decreasing trend toward the periph-
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FIGURE 4. Results of PCA and LDA. With cell morphometric features, PCA was performed on different age groups and different zones. LDA
was also performed to evaluate whether cell morphometric features can be used to predict the age or cell zone. (Top row) PCA with different
age groups. In young mice groups (P30–60), cells from different zones were clumped in the same cluster. As mice got older (P180–720), the
zone 5 cells were separated from the other cell cluster. (Second row) PCA in different zones. In zones 1 through 4, cells from different age
groups were clustered together. Two clusters of cells in zones 1 and 2 along the PC1 (red arrows dividing the clusters) were observed. As
zone number increased, a stronger pattern of a serial separation of cells from young to old mice appeared. (Third row) LDA was performed
to discriminate far peripheral cells (zone 5) from other cells. Zone 5 cells can be discriminated from others using morphometric features in
all age groups with an accuracy greater than 85%. (Bottom row) LDA was performed to discriminate cells of old mice (P180–P720) from those
of young mice (P30–P60). The discrimination accuracy was between 57.1% and 66.8% in zones 1 through 4. The discrimination accuracy for
zone 5 was the highest (82.4%).

ery, with a second hump appearing between 1500 μm and
1800 μm. To find a more detailed location of the second
hump, we calculated the average angle θ every 50 μm,
and the highest angle value of the second hump appeared
between 1600 μm and 1650 μm radially in P30, P45, P60,
and P720 mice and between 1650 μm and 1700 μm radially
in P180 and P330 mice. Angle θ of the old group was greater
than that of the young group in the range of 600 μm to 2100
μm; however, it was greater in the young group between
2100 μm and 2400 μm (Fig. 3C).

Peripheral Cells Become More Radially Oriented
and Elongated With Age

The radial cell orientation, characterized by the expres-
sion cos θ × (1 – inverse aspect ratio), showed a rela-
tively constant level until 1800 μm radially; however, it was
substantially increased, approaching the periphery beyond
that. The average value of the radial cell orientation was
greater in the young group compared to that of the old
group between 600 μm and 2100 μm, whereas it was greater
in the old group between 2100 μm and 2400 μm (young,
0.24 ± 0.02; old, 0.27 ± 0.03; P = 0.026). The average
value of the radial cell orientation was even larger in P720
mice compared to P180 to P330 mice in the periphery: from
2100 μm to 2400 μm, 0.25 ± 0.01 for P180 to P330 versus
0.30 ± 0.02 for P720 (P = 0.003); from 2400 μm to the edge,
0.31 ± 0.01 for P180 to P330 versus 0.35 ± 0.01 for P720
(P = 0.002) (Fig. 3D).

Principal Component Analysis and Linear
Discriminant Analysis

PCA results were plotted with the first two principal compo-
nents (PCs). In all analyses, the first PC (PC1) explained more
than 99.7% of the total variance and both PC1 and the second
PC (PC2) explained more than 99.99% of the total variance.
The major components of the PC1 were cell area (compo-
nent coefficient 0.66 to 0.68) and convex area (component
coefficient 0.73 to 0.75). The major components of the PC2
were cell area (component coefficient 0.68 to 0.72), convex
area (component coefficient –0.63 to –0.57), and perimeter
(component coefficient –0.34 to –0.25). PCA results showed
that cells from different zones were clumped in the same
cluster in the young mice group (P30–P60), whereas zone 5
cells were more separated from the other cluster for older
mice (Fig. 4, first row). For zones 1 through 4, cells from
different age groups were clustered together; however, we
observed two clusters of cells in zones 1 and 2 along the
PC1 (red arrows dividing the clusters). In zone 5, cells were
sequentially separated from younger to older mice (Fig. 4,
second row). The result of the LDA was plotted with the first
two linear discriminant components. The zone 5 cells could
be discriminated from others in all age groups with an accu-
racy greater than 85% (Fig. 4, third row). The cells from old
mice (P180–P720) could be discriminated from those from
the young age group (P30–P60) with an accuracy between
57.1% and 66.8% in zones 1 through 4 and an accuracy of
82.4% in zone 5 (Fig. 4, bottom row).
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FIGURE 5. Peripheral images of the RPE flatmount in different
age groups. In these same scaled images, we can see the grad-
ual changes in the far peripheral cells that become dysmorphic,
enlarged, and elongated.

DISCUSSION

In this study, we performed a morphometric analysis of RPE
cells using the whole RPE flatmount images. By using the
whole image rather than using its cropped parts, we could
analyze spatial and orientation information, as well as the
morphological features of each cell. Furthermore, our newly
developed metric, radial cell orientation, which combined
alignment and shape of each cell, gave us a clue regarding
how RPE cells change during aging, especially in the periph-
ery. Several studies on ocular growth in C57BL/6J mice have
reported an increase in axial length with age21–26; however,
it is unclear whether the eyeball grows at the same rate in
all areas. Although we did not directly measure the eyeball
size, we compared the cumulative flatmount area according
to the distance from the optic disc center and revealed that
the flatmount area from the optic disc center to a distance
of 1200 μm was almost the same in all age groups. This
suggests that the posterior pole of the eyeball maintains its
original curvature and shape, whereas the anterior part of
the eye grows mainly with age. However, further detailed
study on changes in eyeball shape and size with aging is
necessary.

The mouse RPE cell showed a significant morphologi-
cal change with age. Overall, cell size increases, and cells
become elongated and concave with age; however, these
age-dependent changes in RPE cells mainly occurred in the
periphery (Fig. 5). On the other hand, the central cells main-
tained a relatively constant average cell size and numbers.
There was no significant change in estimated total cell count
during aging, with approximately 50,000 consistently from
P30 to P720 mice. This number is similar to that from the
previous report of approximately 54,000.14

In this study, we developed a new metric combining
alignment and shape to evaluate dynamic changes of the
RPE cell during aging. The radial cell orientation showed
a relatively constant level until 1800 μm radially. However,
it was substantially increased approaching the periphery
beyond that. Interestingly, even in young mice, although
the peripheral cells were smaller than the central cells, they
were more elongated in shape and presented a stronger
radial orientation. The degree of radial cell orientation even
increased from P330 to P720. According to the information
available at The Jackson Laboratory (Bar Harbor, ME, USA),
P180, P330, and P720 mice are considered mature adults,
middle-aged, and old, respectively, in human age equiva-
lents.27 Thus, the change in the degree of radial cell orien-
tation could result from the peripheral RPE maturation and
the physical stress related to eyeball growth after birth.

Jeffery et al.28–30 revealed in a series of studies that the
peripheral mouse RPE cells have proliferative properties. A
recent single-cell RNA sequencing study also showed that
human peripheral RPE cells showed increased expression of
TFPI2, promoting RPE proliferation in vitro.31,32 Combining
these previous reports with our current result suggests that
the newly emerged surface anterior to the equator as aging
is mainly filled by the proliferating peripheral cells. Previous
researchers have also suggested that proliferating peripheral
cells might be a source to replenish RPE cells8,28; however,
our results do not suggest a large migration of cells. First,
cells in the periphery and those in the center presented a
huge difference in shape. Furthermore, cells associated with
the second peak of angle θ , which can be thought of as a
locational marker, maintained their physical locations as the
mice became older and eyeballs got larger. This suggests that
the primary mode of RPE sheet expansion is a rearrange-
ment in place with limited replenishment in the far periph-
ery rather than extensive peripheral replenishment and a
shift of the new peripheral cells migrating into the central
parts of the sheet.

Our findings are in line with the basic functions of the
RPE—that is, protecting the retina by forming a barrier and
supporting the visual function of the photoreceptors. In our
study, the size of the posterior pole and the number of RPE
cells in that area remained relatively constant over all ages.
Although mice do not have a macula, the central region
of the mouse retina shares some features with the human
macula.33 The RPE number is known to be closely corre-
lated with the number of rod and cone cells.34 Thus, it can
be expected that a significant change in eyeball shape and
RPE topography in the central region might affect vision. It
is known that more binucleated cells are located centrally
than in the periphery.11,14 Chen et al.11 suggested that an
increase in cell size and multinucleation may be a strategy
for RPE cells to repair damage during aging. In this study,
we did not count the nucleus numbers; however, the PCA
result showed that there were two clusters of cells in zones
1 and 2 along the PC1 that is mostly associated with cell size.
As binucleate cells are known to be larger than mononucle-
ate cells,14 the two cell clusters might represent mono- and
binucleate cells, respectively.

In summary, the central RPE cells remained largely
unchanged in size or number and can be expected to cope
with cellular damage and maintain a focus more on visual
function. In contrast, cells at the periphery were found to
be mainly focused on covering the extended surface area
of the eyeball. Changes in the basic orientation of RPE cells
and changes that occur throughout aging in different regions
of the eyeball are summarized in Figure 6. We suggest a
model of four regional classes of RPE cells: (1) Cells in the
posterior polar area near the optic disc are circumferentially
oriented and stretched. (2) Small and regularly shaped RPE
cells have two different sizes (possibly smaller mononucle-
ate and larger binucleate cells) in the central to the mid-
peripheral area. Although there is no significant difference
in the average size, the cell size varies more, and abnormally
large cells appear in older mice. (3) Equatorial RPE cells are
stretched and oriented circumferentially to cover the broad
area of the equatorial band. (4) Far peripheral cells are large
and dysmorphic due to stretching on radial coordinates. The
cells become more irregular in shape with aging.

There are several limitations to the current investiga-
tion. The flatmounts we used for the evaluation were not
completely flat; however, we took precautions to avoid wrin-
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FIGURE 6. Summary illustration of eyeball growth and RPE cell changes with aging. Each number in the schematic of the eyeball in the
upper left corner and the flatmount image represents the same region. Blue arrows in the flatmount image represent axial elongation of
the eyeball during aging. Red arrows in the flatmount image represent changes in RPE morphology during aging. Blue dotted circles in
the schematic of the eyeball and the flatmount image represent the equator. (1) Cells in the posterior polar area near the optic disc are
elongated in shape and encircle the optic disc. (2) Cells in the central to mid-peripheral area do not change significantly in numbers and
average size; however, the cell size varies more, and abnormally large cells appear as mice get older. (3) Cells near the equator are elongated
and encircle the equatorial band, to cover the largest area of the RPE surface. (4) Cells in the periphery are oriented outward and show a
dramatic change in cell size and shape during aging. Cells become bigger and dysmorphic and seem to cover most of the stretched area
during eyeball growth.

kling by not over-fixing the tissue, thus making it more
pliant and easier to flatten. The possibility of tissue tilting
was reduced by flattening the tissue with a much larger
cover glass than the flatmount tissue. In addition, only the
best images were carefully selected and used for analysis
in this study. We excluded images with major tissue folds,
defects, or uneven illumination due to surface irregularity
from further analysis. The ZO-1 signal located in the apex
of the cell was used for cell segmentation, and the possi-
bility of z-plane error was reduced by the maximum inten-
sity projection method. Those warped cells near the tissue
fold were excluded from the analysis, and sample uneven-
ness was averaged out because of two factors: (1) we used a
large number of cells for every single eye analysis, and (2) on
average, for every cell that is compressed, an equal number
of cells are stretched; that is, compression and stretching
balance out with going up, over, and down for any given
protrusion.

Although we tried our best to accurately segment indi-
vidual RPE cells, there was still a small portion of mis-
segmented cells. Deep learning algorithms such as the
convolutional neural network can be a good alternative
solution for enhanced segmentation; however, deep learn-
ing methods require a large scale of well-annotated training
datasets. Unfortunately, it is not easy to create such a train-
ing dataset with whole RPE flatmount images. The semiau-

tomatic methods developed in this study can be used to help
facilitate the dataset creation necessary for training deep
learning algorithms in the future. We segmented RPE cells
by the signal from the apical tight junctions (ZO-1) only;
however, the actual RPE cell is three dimensional.35 Finally,
we did not evaluate the number of nuclei. It was difficult to
distinguish the RPE nucleus signal from cells in the under-
lying choroid, and it was also difficult to determine whether
an RPE cell nucleus was located in one cell or its neighbor.

In conclusion, there were clear topographic differences
in RPE cell morphology, and these all change with age. The
central RPE cells have a relatively constant level of cell size
and numbers throughout the ages; however, peripheral cells
had a large degree of radial extension responding to the
axial elongation of the eyeball. Those cells near the optic disc
or the equator were arranged in a direction to encircle the
underlying round shape of the eye. Further studies of age-
related changes in eyeball dimensions and corresponding
morphological and cytoskeletal changes in RPE are neces-
sary to understand damage responses and normal growth
responses in the RPE.
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