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Purrose. Our studies in mouse eye lenses demonstrate that ephrin-A5 and EphA2 are
needed for normal epithelial cells and lens transparency. We sought to determine whether
EphA2 and ephrin-A5 are important for lens morphometrics, nucleus formation, and
refractive index.

MerHops. We performed tissue morphometric measurements, electron microscopy, West-
ern blots, and interferometric measurements using an X-ray synchrotron beam source to
measure the gradient of refractive index (GRIN) to compare mouse lenses with genetic
disruption of EphA2 or ephrin-A5.

ResuLts. Morphometric analysis revealed that although there is no change in the over-
all lens volume, there is a change in lens shape in both EphA2~/~ lenses and ephrin-
A5/~ lenses. Surprisingly, EphA2~/~ lenses had small and soft lens nuclei different from
hard lens nuclei of control lenses. SEM images revealed changes in cell morphology
of EphA2~/~ fiber cells close to the center of the lens. Inner EphA2~/~ lens fibers had
more pronounced tongue-and-groove interdigitations and formed globular membrane
morphology only in the deepest layers of the lens nucleus. We did not observe nuclear
defects in ephrin-A5~/~ lenses. There was an overall decrease in magnitude of refractive
index across EphA2~/~ lenses, which is most pronounced in the nucleus.

Concrusions. This work reveals that Eph-ephrin signaling plays a role in fiber cell matura-
tion, nuclear compaction, and lens shape. Loss of EphA2 disrupts the nuclear compaction
resulting in a small lens nucleus. Our data suggest that Eph-ephrin signaling may be
required for fiber cell membrane reorganization and compaction and for establishing a
normal GRIN.
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he eye lens is composed of a monolayer of epithelial

cells on the anterior hemisphere, and the bulk of the
lens is made up of elongated fiber cells. Lifelong lens growth
depends on the proliferation, differentiation, and elongation
of epithelial cells at the lens equator into newly fiber cells.!
Layers of differentiating fiber cells elongate and surround
the previous shell of lens fibers.?? During fiber cell differ-
entiation, cytoplasmic organelles and nuclei are lost to elim-
inate light scattering structures in mature fiber cells in the
lens core.* In mammalian lenses, it is thought that lens
fiber cells at the center, or nucleus, of the lens may become
compacted.>® However, lens nucleus compaction does not
occur in all species,’”® and the mechanism requires elucida-
tion.

Fine focusing of light images onto the retina requires a
highly refractive, transparent and avascular lens that changes
shape to focus light from near and far objects, in a process
known as accommodation. Age-related changes in lens stiff-
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ness and elasticity lead to an inability of the lens to change
shape during accommodation, leading to a condition called
presbyopia and a need for reading glasses.>*"!3 Increased
lens stiffness with age has been reported in humans®13-2!
and animal models,?!?? including mice,?*~? and stiffening of
aging human lenses has been hypothesized to be caused by
increased nucleus size and stiffness with age.>** Our recent
study demonstrated that mouse lenses increase in stiffness
and nuclear size throughout life.? It has long been hypoth-
esized the increase in nuclear size and density with age may
be linked to both age-related nuclear cataracts and pres-
byopia.>®3°-32 However, the mechanism for nuclear growth
and increase in density throughout life is unknown, and the
link between nuclear size, overall lens stiffness, and mainte-
nance of transparency is unclear.

Recent reports have shown that disruptions of EphA2
or ephrin-A5 in humans and mice lead to cataracts~4®
defined as any lens opacity. Eph receptors are the largest
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class of receptor tyrosine kinases, and bidirectional signaling
is mediated by the binding of Eph receptors to membrane-
anchored ephrin ligand. This signaling pathway is involved
in tissue development and plays key roles in cell-cell
contact, adhesion, repulsion, and migration.®->> The Eph-
bearing cell experiences forward signaling whereas the
ephrin-bearing cell undergoes reverse signaling.>>>* There
are 14 Eph receptors, divided into EphA (1 to 8 and 10)
and EphB (1 to 4 and 6) classes, and there are eight
ligands classified as ephrin-A (1 to 5) and ephrin-B (1
to 3). Each ligand and receptor can have multiple bind-
ing partners. EphA2 mutations cause human congenital
dominant?!-43:47,48,55.56 4nd recessive cataracts,”> and non-
synonymous SNPs in EphA2 and ephrin-A5 genes have
been linked to human age-related cataracts.33:34:36,39.40,46,56
In mice, loss of EphA2 is associated with disruption of the
actin cytoskeleton, cell shape and organization of equato-
rial epithelial cells,* and with misaligned and disorganized
fiber cells.?*37:38:4457 Changes in refractive index’” and an
increased stress response reflected by elevated Hsp27 levels
have also been reported in EphA2 knockout (EphA2~/~)
lenses.?* In contrast, ephrin-A5~7/~ mouse lenses in the
C57BL6 background often develop anterior cataracts due
to epithelial-mesenchymal-transition knockout (KO) anterior
epithelial cells.®®

With mounting evidence that Eph-ephrin signaling is
required for lens homeostasis, we investigated the role of
EphA2 and ephrin-A5 in lens morphology, nuclear and
gradient refractive index (GRIN) formation. Both EphA2~/~
and ephrin-A5~/~ lenses are more spherical than littermate
controls. Surprisingly, loss of EphA2 leads to a much smaller
lens nucleus and nuclear fibers with abnormal fiber cell
membrane interdigitations. There is a significant decrease
in the magnitude of the refractive index in the EphA2~/~
lens nucleus. Although ephrin-A5~/~ lenses had normal lens
nuclei, there are small defects in nuclear fiber cell morphol-
ogy and a small decrease in the maximum refractive index in
the ephrin-A5~~ lens nucleus. Our data suggest that EphA2
and ephrin-A5 are needed for normal lens shape and that
EphA2 is essential for normal nuclear fiber cell membrane
interdigitations and fiber cell maturation.

MATERIAL AND METHODS
Mice

Mice were maintained in accordance with an approved
animal protocol (Indiana University Bloomington Institu-
tional Animal Care and Use Committee) and the ARVO State-
ment for the Use of Animals in Ophthalmic and Vision
Research. Generation of Ephrin-A5~~ and EphA2~/~ mice
was previously described.?®44.58:5 Automated qPCR on toe
or tail snips were used for genotyping (Transnetyx, Cordova,
TN, USA). Genotyping confirmed that all mice were wild-
type Bfsp2 (CP49) genes, and mice were maintained in the
C57BL/0] strain background. Male and female littermates
were used for experiments.

LENS MORPHOMETRICS

Morphometrics of freshly dissected eight-week-old control
and KO lenses was obtained in 1X DPBS at room tempera-
ture as previously described.?*?>2% Eight lenses from four
mice of each genotype were used for these experiments.
Briefly, lenses were photographed under a dissection micro-
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scope using a right-angle mirror, and lens nuclei were
isolated from decapsulated lenses by gentle rolling the lens
between gloved fingertips to remove soft cortical fibers. The
nucleus is much stiffer than the surrounding cortical fibers in
mouse lenses.?>?? The exceptions were the EphA2~/~ lens
nuclei that were much softer. Cortical fibers from EphA2~/~
lenses were removed using the method for isolating nuclei
for protein extraction outlined below. FIJI software was used
to perform image analysis, and Excel and GraphPad Prism 9
were used to calculate and plot lens volume (volume = 4/3
X 7 X 1% X ra, where ry is the equatorial radius and r, is
the axial radius), lens aspect ratio (ratio between axial and
equatorial diameters), nuclear volume (volume = 4/3 x =
X Ine’ X Tna Where 1y, is the equatorial radius of the lens
nucleus and x ry, is the axial radius of the lens nucleus),
nuclear fraction (ratio between the nuclear volume and the
lens volume), and nuclear ration (ratio between nuclear axial
and nuclear equatorial diameters). Plots represent mean +
standard deviation. Student f-tests between KO lenses and
their respective controls were used to determine statistical
significance.

To remove the lens cortex via vortexing, we used the
same method as described below for protein extraction. At
least eight lenses from four mice of each genotype were used
for these experiments. For the eight-week-old lenses, the
decapsulated fiber cell mass was vortexed for four minutes
in 30 second pulses to completely remove cortical fiber cells.
Lens nuclei were inspected and photographed in clean 1X
Dulbecco’s phosphate-buffered saline (DPBS) after removal
of the lens cortex. Nuclear size and shape from EphA2+/*
lenses were not statistically different between the mechani-
cal and vortexing methods for lens cortex removal.

ScANNING ELECTRON MICROSCOPY

Lenses from eight-week-old control and KO mice were
prepared for scanning electron microscopy (SEM) using a
protocol that was adapted from previous work.®-% A small
hole was made in the posterior of freshly enucleated eyes.
Eyeballs were fixed in freshly made and oxygenated fixa-
tive buffer (2.5% glutaraldehyde in 0.1M sodium cacodylate
buffer, pH 7.3) at room temperature for 72 hours. Lenses
were then dissected from eyes in fixative buffer warmed
to 37°C, and each lens was fractured using a sharp razor
blade along the visual axis. This orientation exposes inter-
locking protrusions and paddles along the short sides of
fiber cells. Lens halves were placed in fresh fixative buffer
for 72 hours at room temperature. Samples were washed
in 0.1M sodium cacodylate buffer for three times and 10
minutes per wash. Lens halves were post-fixed in 1% aque-
ous OsOy for 90 minutes at room temperature and then
washed in ddH,O three times for 10 minutes per wash.
Samples were then dehydrated using ethanol (50%, 70%,
70%, 95%, 95%, 100%, and 100%) for 30 minutes per step
and then dried overnight in an Autosamdri 815 critical point
dryer (Tousimis, Rockville, MD, USA). Lens halves were
mounted and sputter coated with iridium (10 mA current
thickness of 5.8-6.0 nm) with an EMS Q150T S sputter
coater. Images were acquired with a Hitachi S4800 scanning
electron microscope (Hitachi, Tokyo, Japan) 5 kV. Sequen-
tial images were collected from the center of the sample
toward the periphery along the equatorial axis. Images were
analyzed after lining up sequential images from the center
to the periphery to ensures regions were comparable. Six
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lenses from 3 different mice of each genotype were exam-
ined, and representative images are shown in Results.

X-RAY TALBOT INTERFEROMETRY

X-ray Talbot interferometry was performed as previously
described at the SPring-8 facility (Japan).?*%-% Eight-
week-old eyes from control and KO mice were stored in
Dulbecco’s modified Eagle medium without phenol red
(21063-029; ThermoFisher, Carlsbad, CA, USA) with 2%
penicillin/streptomycin (15-140-122, ThermoFisher) at room
temperature before experiments. At least six eyes from
each genotype were analyzed. Matlab (2020a, MathWorks,
Natick, MA, USA) was used to calculate the refractive index
from X-ray Talbot interferometry measurements to generate
two-dimensional (2D) iso-indicial index contours and three-
dimensional (3D) meshed index profiles in the mid-sagittal
plane (anterior-posterior plane through the visual axis) of
each mouse eye and mid-coronal plane (cross section view)
of each mouse lens through the center of the lens. GRIN
profiles were generated along the visual axis by Matlab, and
the means and standard deviations were calculated in Excel
and plotted in GraphPad Prism 9. Student’s #-test or Welch’s
test between KO and respective control samples were used
to determine statistical significance.

LENS PROTEIN EXTRACTION AND WES
CAPILLARY-BASED IMMUNOASSAY

Fresh lenses from six-week-old mice were collected and
stored at —80°C until homogenization. Two lenses from
each mouse were pooled into one protein sample. At least
three pairs of lenses of each genotype were used to make
separate protein samples. For whole lens samples, lenses
were homogenized on ice in a glass Dounce homogenizer
in 250 pL of lens homogenization buffer (20 mM Tris-HCl
pH 7.4 at 4°C, 100 mM NaCl, 1 mM MgCl,, 2 mM EGTA
and 10 mM NaF with 1 mM DTT, 1:100 Protease Inhibitor
Cocktail [P8430, Sigma-Aldrich, St. Louis, MO, USA] and one
tablet of Pierce Phosphatase Inhibitor Mini Tablets per 10 mL
buffer [A32957, ThermoFisher] added on the day of the
experiment) per 10 mg of lens wet weight. Homogenized
whole lens proteins were transferred to a new Eppendorf
tube and briefly sonicated. Whole lens proteins were diluted
1:1 with 2X sample buffer (0.21M Tris-HCl [pH 6.8], 2.86 mM
ethylenediamine tetra-acetic ETDA, 21% sucrose, 6.67% SDS,
and 0.3M DTT in ddH,O) and stored at —20°C until use.
For epithelial cell, cortical fiber and nuclear fiber
protein fractions, freshly isolated lenses were immedi-
ately processed after dissection. Lens epithelial cells adhere
strongly to the capsule.?®% To isolate epithelial cells, whole
lenses were gently ruptured at the lens equator, and whole
capsules were gently removed and placed in lens homoge-
nization buffer (14.75 pL for two lens capsules from the same
mouse). Lens epithelial cell extract was mixed with 1.25 pL
of 2X sample buffer and further mixed by pipetting through
a P10 pipette tip. Two fiber cell masses from the same mouse
were then moved an Eppendorf tube containing 250ul of 1:1
lens homogenization buffer and 2X sample buffer. Fiber cell
masses were vortexed at top speed for 30 second pulses
four times. Visual inspection after vortexing showed softer
outer cortical fibers were completely removed, leaving the
lens nuclei, which were the expected size based on compari-
son to morphometric experiments. The hard lens nuclei were
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carefully removed with clean tweezers from the cortical fiber
cell protein lysate to a glass Dounce homogenizer with 250
pL of 1:1 lens homogenization buffer and 2X sample buffer.
Homogenized nuclear protein samples were then collected
into a clean Eppendorf tube. Fiber cell protein samples were
briefly sonicated, and all samples were stored at —20°C until
use.

Protein concentration were quantified using Quick Start
Bradford Protein Assay (Bio-Rad, Hercules, CA, USA) using
manufacturer instructions and measured by nanodrop. Equal
amounts of control and KO proteins for each fraction (whole
lens, epithelial cells, cortical fibers and nuclear fibers) were
prepared based on manufacturer instructions for loading
into a capillary-based (Western [WES]) immunoassay using a
12-230kDa Separation module kit according to the manufac-
turer’s instructions (ProteinSimple, San Jose, CA, USA). Anti-
bodies and protein concentrations were previously titrated
to determine the range for antibody saturation and linear
concentrations of protein extracts. To detect EphA2 protein
levels, 3mg/mL of whole lens, cortical fiber or nuclear
protein extract were loaded onto WES plates and probed
with rabbit anti-EphA2 antibody (1:50, 6997; Cell Signal-
ing Technology, Danvers, MA, USA). Epithelial cell samples
had much lower protein concentrations than samples from
other parts of the lens, and 0.2 mg/mL of epithelial cell
proteins were used for EphA2 WES experiments. Loading
control was determined by total protein detected using a
Total Protein Separation module kit (ProteinSimple). WES
data was detected as chemiluminescent peaks in a capil-
lary presented in electropherogram format, and a pseudo-
lane view, akin to a traditional Western blot, is also shown.
Protein level calculations were determined by calculating the
area under the peak from the EphA2 signal (128 kDa) and
normalizing that to the area under all of the peaks from the
total protein assay. Average and standard deviations were
calculated in Excel, and normalized protein amounts and
representative electropherograms were plotted in Graph-
Pad 9. Student’s ttest between KO and respective control
samples were used to determine statistical significance.

RESULTS

EphA2~/~ Lenses Have Smaller Nuclei With Lower
Magnitude of Refractive Index

To better understand the roles of EphA2 and ephrin-A5
in the lens, we conducted detailed morphometric measure-
ments, including lens and nuclear volume, as well as lens
and nuclear shape (i.e., aspect ratio), in eight-week-old
control and KO lenses. We first examined control and ephrin-
A5/~ lenses, and although there is no change in lens
volume, nuclear volume and nucleus aspect ratio, ephrin-
A5/~ lenses were slightly more spherical than control
lenses and had a decrease in lens aspect ratio (Fig. 1A).
When we measured EphA2~/~ lenses, there was a similar
decrease in lens aspect ratio when compared to controls,
and EphA2~/~ lenses have smaller lens nuclei with abnor-
mal disc shape (Supplemental Fig. S1). In all our previous
studies, mouse lens nuclei were rigid and incompressible
bodies that were left after mechanical removal of the soft
cortical fibers between gloved fingertips.2>:28:29:61.62 When
using mechanical disruption to remove the lens cortex from
the nucleus, EphA2~/~ lens nuclei felt softer than those of
control lenses. It is plausible that mechanical removal of
cortical fibers may have damaged the softer lens nucleus
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Ficure 1. Morphometric measurements from 8-week-old control and KO lenses (n = 8 for each genotype). (A) Representative images of
the lens (side view) and nucleus (side and fop views) are shown for control and ephrin-A5~/~ lenses. There is no significant change in
lens volume, nuclear volume and nuclear shape (aspect ratio) between control and ephrin-A5~/~ lenses. However, ephrin-A5~/~ lenses are
slightly more spherical with decreased lens aspect ratio. The dotted ellipse on the ephrin-A5~/~ lens picture is an outline of the control
lens, revealing a change in the ephrin-A5~/~ lens shape. The dotted ellipse in the ephrin-A5~/~ nucleus picture is an outline of the control
nucleus, showing there is no change in nucleus size or shape. (B) Similarly, there was no significant change in lens volume between control
and EphA2~/~ lenses, but EphA2~/~ lenses were rounder with decreased aspect ratio. The dotted ellipse on the EphA2~/~ lens picture is
an outline of the control lens to highlight the change in lens shape. EphA2~/~ lens nuclei were smaller than those from control lenses. The
dotted ellipse in the EphA2~/~ nucleus picture is an outline of the control nucleus, demonstrating a significant decrease in nucleus size. All
plots represent the average + the standard deviation. Scale bars: 1 mm. **, P < 0.01; ** P < 0.001; *** P < 0.0001.



Investigative Ophthalmology & Visual Science

EphA2 Affects Lens Nucleus and GRIN

Sagittal 3D GRIN

Sagittal 2D GRIN
P . A

Refractive

Ephrin-A5**

Refractive

Ephrin-A5"

Average GRIN

1.55- —e— Ephrin-A5"*
—o— Ephrin-A5"
1.50
x
[}
T
£ 1.45-
[
2
©
S 1.40
‘@
4
1.35
Distance from the Center of the Lens (mm)
1.30 T T

1 0 1

Refractive Index

IOVS | January 2022 | Vol.63 | No. 1 | Article2 | 5

Coronal 3D GRIN

Coronal 2D GRIN

" s W 1.55

s x =

g3

SE

© 1.50
1.45
1.40
135
1.30

Max Refractive Index

1.55+ ® Ephrin-A5"*
O Ephrin-A5"
; E *kk
1.50 —é@:_c—
1.45

Ficure 2. Gradient of refractive index (GRIN) 3D mesh and 2D contour plots of whole eyes from 8-week-old control and ephrin-A5~/~
mice. 2D contour plots are shown through the mid-sagittal plane (anterior-posterior plane through the visual axis) and the mid-coronal
plane (cross section view) passing through the center of the lens nucleus. The anterior (4) and posterior of the eye (P) are marked on the
sagittal view of the control eye. The dotted line through the 2D sagittal view represents the location of the coronal 3D and 2D heat maps. A
rainbow gradient of colors reflects the magnitude of refractive index from low refractive index in dark blue (1.30) to high refractive index
in dark red (1.55). Control and ephrin-A5~/~ lenses have comparable 3D and 2D GRIN plots. GRIN profiles from the lens along the visual
axis were extracted, and the average and standard deviation are plotted for control (n = 10) vs. ephrin-A5~/~ lenses (n = 7). The difference
between control and ephrin-A5~/~ GRIN profiles is not statistically significant. The maximum refractive index at the center of the lens is
slightly decreased in ephrin-A5~/~ lenses. Average GRIN and max refractive index plots represent the average + the standard deviation.

e P < 0.001.

of EphA27~/~ lenses causing an unnatural shape change. Thus
we used a vortexing method to remove the cortical fibers
without applying compressive forces from EphA27* and
EphA2~/~ lenses. When comparing size and shape of nuclei
in EphA2%* lenses after mechanical or cortical removal by
vortexing, there was no difference in the volume or aspect
ratio between the two methods. Our data revealed that the
volume of the EphA2~/~ lens nuclei were smaller, but the
nuclear shape (aspect ratio) was similar to that of control
and prA2*/ ~ lenses (Fig. 1B). These results indicate that
EphA2 is essential for development of lens nuclear size and
may affect nuclear stiffness.

The area of highest refractive index in mouse lenses is
closely correlated with the lens nucleus.?” Thus we investi-
gated whether the change in EphA2~/~ lens nuclei affects
the gradient refractive index (GRIN). We measured GRIN in
control, ephrin-A5~/~ and EphA2~/~ lenses. In ephrin-A5~/~
lenses, the GRIN profiles as shown in 3D heat maps and 2D
profiles were similar to those of controls (Fig. 2). However,
there was a small but statistically significant decrease in
the maximum refractive index at the center of ephrin-
A5/~ lenses when compared to that of controls. This result
suggested that the ephrin-A5~/~ lens nucleus may not be

completely developed. GRIN measurements in EphA2~/~
lenses showed a pronounced decrease across the entire lens,
but this was most pronounced at the lens nucleus, when we
compared the 3D heat maps and the 2D profiles along the
visual axis (Fig. 3). There was a significant decrease in the
maximum refractive index at the center of the EphA2~/~ lens
nucleus, indicating that the loss of EphA2 affected formation
of the GRIN and linked to the under development of the
nucleus.

Loss of EphA2 Affects Mature Fiber Cell
Membrane Interdigitations

To determine the possible cause of changes in EphA2~/~
lens nuclei, we performed scanning electron microscopy
(SEM) to compare fiber cell morphologies between control,
epbrin-A5~~ and EphA2~/~ lenses. In control and ephrin-
A5/~ lenses, we observed normal cortical fiber cells with
small interlocking protrusions on the short sides and well-
organized inner fiber cells with large paddles and protru-
sions on their short sides (Fig. 4A, panels 1-2). As the fiber
cells continued to mature, cell membranes were relatively
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Fiure 3. GRIN 3D mesh and 2D contour plots of whole eyes from 8-week-old control and EphA2~/~ mice. 2D contour plots are shown
through the mid-sagittal plane (anterior-posterior plane through the visual axis) and the mid-coronal plane (cross section view) passing
through the center of the lens nucleus. The anterior (4) and posterior of the eye (P) are marked on the sagittal view of the control eye.
The dotted line through the 2D sagittal view represents the location of the coronal 3D and 2D heat maps. A rainbow gradient of colors
reflects the magnitude of refractive index from low refractive index in dark blue (1.30) to high refractive index in dark red (1.55). EphAZ’/ -
lenses have obviously decreased GRIN when compared to control 3D and 2D plots. The central region of EphA2~/~ lenses is orange, rather
than deep red as seen in controls, indicating a lower refractive index in mutant compared to control lenses. EphA2~/~ lenses (n = 6) had
significantly decreased average GRIN profiles and max refractive index at the center of the lens when compared to controls (n = 6). Average
GRIN and max refractive index plots represent the average =+ the standard deviation. *, P < 0.01; *** P < 0.0001.

smooth with large interlocking protrusions on the short side 4', # and star). Perinuclear fibers in the EphA2~/~ lens
between cells (Fig. 4A, panels 3 and insets 3', arrowhbeads), retained the prominent tongue-and-groove interdigitations
and there was the formation of tongue-and-groove interdig- on the long and short sides of the cell with much smaller
itations along the long sides of fiber cells, as well as in the and pointy interlocking protrusions (Fig. 4B, panels 5 and
large protrusions on the short sides of fiber cells (Fig. 4A, insets 5', star and arrows). Nuclear EphA2~/~ fibers had
panels 4 and insets 4°). Perinuclear fiber cells developed only small areas of globular membrane morphology (Fig. 4B,
globular membrane morphology along the long side of the panels 6 and insets 6', asterisks) and retained the tongue-
cells that replace the tongue-and-groove interdigitations, and and-groove interdigitations (pound signs). The fibers closest
large protrusions along the short side retained the tongue- to the center of the EphA2~/~ lens had globular membrane

and-groove interdigitations (Fig. 4A). Nuclear fiber cells had morphology without obvious interlocking protrusions simi-
globular membrane morphology (Fig. 4A, panels 6 and 6" lar to that found in control cells (Fig. 4B, panels 7). These

without obvious interlocking protrusions. data suggested that EphA2 is required for normal matura-

In control and EphA2~/~ lenses, we observed that cortical tion of lens fibers by controlling membrane morphology
fiber cells are similar between control and EphA2~/~ cells, reorganization. It is possible that these differences in cell
but EphA2~/~ cortical fibers are more disorganized (Fig. 4B, membranes also lead to changes in lens nuclear stiffness in
panels 1-2), consistent with previous reports of misaligned EphA2~/~ lenses.

lens fibers.3844.67 As the fiber cells continued to mature,

EphA2~/~ fibers had pronounced tongue-and-groove inter-

digitations (Fig. 4B, panels 3 and insets 3 ', star) with  EphA2 is Expressed in the Epithelial Cells and
smaller interlocking protrusions (arrows), compared those Cortical Fibers, but is Absent From the Lens

in control cells (arrowbeads). While maturing control cells Nucleus

had tongue-and-groove interdigitations on the long sides of

the cells, their pattern was different from the membrane The small nuclear phenotype and unusual cell membrane
indentations in EphA2~/~ cells (Fig. 4B, panels 4 and insets morphologies in EphA2~~ lenses suggested the EphA2
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FiGure 4. Representative SEM images from 8-week-old control, ephrin-A5~/~ and EphA2~/~ lenses taken from cortical fiber cells (leff) to
lens nucleus (right). (A) Control and ephrin-A5~/~ lens fibers were comparable at different depths through the lens. The peripheral cortical
fibers (panels 1) had flat cells with small protrusions along the short sides. As fibers mature, there are large paddles decorated with small
protrusions (panels 2). In maturing fibers, there are large interlocking protrusions along the short sides of the cells (panels 3 and insets 3’,
arrowhbeads). Maturing fibers develop tongue-and-groove interdigitations in both the long sides of the cell (pound signs) and the protrusions
(arrowbeads) along the short sides (panels 4 and insets 4’). Perinuclear fibers (panels 5 and insets 5’) have globular membrane morphology
(asterisks) along the short side of the cell with large protrusions that retain the tongue-and-groove morphology (arrowbeads). Nuclear fibers
(panels 6-7 and insets 6’) have globular membrane morphology (asterisks). (B) Control and EphA2~/~ cortical lens fibers are similar with
small protrusions along the short sides (panels 1). EphA2~/~ lens fibers have large paddles with small protrusions, but the paddles are
misaligned compared to control cells (panels 2). Maturing fibers (panels 3 and insets 3’) of the EphA2~/~ lens have pronounced tongue-
and-groove interdigitations (star) with a few large protrusion (arrowhead) and many smaller and pointy protrusions (arrows). In contrast to
control cells with normal tongue-and-groove membrane morphology (pound signs), EphA2~/~ maturing fibers (panels 4 and insets 4”) have
altered tongue-and-groove interdigitations (star) with abnormal protrusions (arrow). In perinuclear EphA2~/~ fibers (panels 5 and insets 5°),
the cell retain abnormal tongue-and-groove membrane morphology (star) compared to normal globular membrane morphology in control
cells (asterisk). Nuclear EphA2~/~ fibers (panels 6-7 and insets 6’) have delayed transition from tongue-and-groove membrane morphology
(star) to globular membrane morphology (asterisk). Scale bars: 1 mm, 5 pm, and 1 um.

is required for lens nuclear formation. We determined
whether the changes in the lens nucleus were due to
the loss of EphA2 in the nucleus or whether EphA2 is
required only for the maturation programming of cortical
fibers before possible nuclear compaction. We performed
capillary-electrophoresis-based Western blots of protein
lysates from the whole lens, epithelial cells, cortical fibers
and nuclear fibers from control, ephrin-A5~/~ and EphA2~/~

lenses. In control and ephrin-A5~7/~ lenses, EphA2 was
present in the whole lens and epithelial cell and cortical
fiber cell fractions but was absent from the lens nucleus
(Fig. 5). We showed the pseudo-lane view that is similar to
traditional Western blots, as well as representative electro-
pherograms of the actual chemiluminescent peaks detected
within capillaries. EphA2 protein level was normalized to the
total protein peaks, and there was no significant difference
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Ficure 5. WES capillary-based Westerns demonstrate EphA2 is detected in the whole lens protein sample, lens epithelial cells and corti-
cal fibers, but is not present in nuclear fibers cells of 6-week-old control and ephrin-A5~/~ lenses. Representative gel bands for EphA2
(~128kDa) and total protein profiles (12-230 kDa) from each fraction and genotype are presented in pseudo-lane views. Representative
electropherogram of EphA2 peaks from different fractions is plotted for control and ephrin-A5~/~ samples. Dot plots show the average and
standard deviation of EphA2 amount normalized to the total protein for each fraction. There is no difference detected between control and

ephrin-A5~/" lenses in the amount of EphA2 in each protein fraction.

in EphA2 protein levels between control and ephrin-A5~/~
lenses in any of the fractions. Similarly, in EphA2"* lenses,
we found the EphA2 was present in the whole lens, epithe-
lial cell and cortical fiber fractions, but absent from nuclear
fibers (Fig. 6). EphA2~/~ samples with no signal indicated
that this antibody is specific for EphA2. When we measured
the total protein concentration using the Bradford assay
after sample homogenization (data not shown) and when
we compared the total protein peak profiles, each fraction
of the control and KO lens samples were comparable, and
we did not observe missing bands/peaks in the total protein
peaks of KO samples, indicating that there were no large
changes in protein levels in KO lenses. Thus these results
suggested that EphA2 likely plays a role in the maturation
programming of lens fibers to affect fiber cell interdigitations
as cells age and become closer to the lens nucleus.

DISCUSSION

Our results show that EphA2 and ephrin-A5 disruption can
alter the shape of the lens and that loss of EphA2 leads to
abnormal lens nuclear size and possible changes in stiff-
ness (Fig. 7). The change in lens shape is quite subtle,
with ephrin-A5~~ and EphA2~/~ lenses being slightly more
spherical than control lenses. Len shape changes could be

a result of abnormalities in suture formation in these KO
lenses that have been observed recently®® and in EphA2~/~
lenses in a previous study.?” More sophisticated 3D modeling
is needed to understand whether and/or how suture pattern-
ing and fiber cell elongation alterations contribute to the lens
shape and lead to any alterations in KO lenses. We have
shown that EphA2 plays a crucial role in the size and possi-
bly the stiffness of the lens nucleus, and this may be the
mechanism for mild nuclear cataracts that were observed
previously in EphA2~/~ lenses.’®% The changes in the
nucleus may be linked to the membrane interdigitations of
maturing fiber cells. Although previous works have hypothe-
sized that increase nuclear stiffness leads to increased whole
lens stiffness with age,>3%3? the mechanisms for nuclear
fiber compaction in mammalian lenses and the subsequent
increase in stiffness remained unclear. Our data show that
EphA2 is required for a series of remodeling and cell
morphology changes that occur in fiber cell membranes
during a complex maturation process that eventually leads to
a very protein-dense, stiff lens nucleus with a relatively high
refractive index. This may be caused by cell compaction or
an increase in protein density by other, yet unknown, means.
Consistent with previous reports,®®?” EphA2 is not present
in the lens nucleus, and, hence, whether this protein acts on
the nuclear fiber cell membranes to affect their organization
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FiGure 6. WES capillary-based Westerns demonstrate EphA2 is detected in the whole lens protein sample, lens epithelial cells and cortical
fibers, but is not present in nuclear fibers cells of 6-week-old control lenses. Absence of signal in EphA2~/~ samples confirms the specificity
of the antibody. Representative gel bands for EphA2 (~128kDa) and total protein profiles (12-230 kDa) from each fraction and genotype
are presented in pseudo-lane views. Representative electropherogram of EphA2 peaks from different fractions is plotted for control and
EphA2~/~ samples. Dot plots show the average and standard deviation of EphA2 amount normalized to the total protein for each fraction.

wee P < 0.0001.

or whether the organization is a manifestation of the lack
of EphA2 requires further investigation. More sophisticated
biomechanical testing will be needed to quantify the change
in stiffness in EphA2~/~ nuclei.

Eph-ephrin signaling is known to trigger a variety of
downstream pathways, including Ras/Rho, MAP kinase, Akt
and FAK, that affect cytoskeletal structures and cell-cell
contact (reviewed in®*>2%), It is not clear what down-
stream pathways are activated by EphA2 signaling that may
affect lens fiber cell morphology. Previous investigations
have described the presence of interlocking protrusions,
tongue-and-groove interdigitations and globular membrane
morphology in deep cortical perinuclear and nuclear lens
fibers,’%"7 but little is known about how these membrane
specializations form and the mechanisms that drive the
change in membrane morphology as the cells mature. This
work suggests that EphA2 plays a role in the changes in cell
interdigitations that take place as fiber cells mature beyond
areas where cells have large paddles decorated with small
protrusions. In the absence of EphA2, the maturing fiber
cells near the lens nucleus fail to undergo the changes in
membrane morphology that occur in the control lenses.
Our previous work has shown that fiber cell morphol-
ogy may be linked to lens stiffness, and large paddles in
the maturing fibers may be required to maintain lens stiff-
ness at low compressive forces.”> Therefore it is possi-
ble that globular membrane morphology of nuclear fiber

cells also contributes to the stiffness of those cells. Further
immunofluorescence and biochemical studies of the differ-
ences between inner and perinuclear fibers from control and
EphA2~/~ lenses is needed to provide further insights into
the mechanism for the fiber cell maturation and possible
nuclear fiber cell compaction.

Our previous work demonstrated that ephrin-A5~/~
lenses sometimes develop anterior cataracts due to
epithelial-to-mesenchymal transition in normally quiescent
anterior lens epithelial cells®%” Consistent with those
works, our current results reveal that ephrin-A5~/~ lenses
had normal lens fiber cell morphology when compared to
controls. The mice used for this study and in our previous
work are mostly in the C57BL6 background. In contrast to
the relatively mild lens phenotype in our C57BL6 epbrin-
A5~/ mice, ephrin-A5~~ mice in a mixed 129/SV/C57BL6
background have severe cataracts with lens rupture.380:8!
Mixed background ephrin-A5~/~ lenses had degenerated
fiber cells with abnormal membrane morphology.?>-8%:8! The
variable lens phenotypes of different strains of ephrin-A5~/~
mice suggest that genetic modifiers affect cataract severity
and determine whether defects are present in epithelial or
fiber cells.

The smaller and softer lens nucleus correlates with the
decrease in refractive index magnitude across the nucleus of
EphA2~/~ lenses. Previous studies have suggested that high
protein concentration in the lens nucleus®*#* or compaction
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Ficure 7. Compared to controls, ephrin-A5~/~ and EphA2~/~
lenses are more spherical in shape, and EphA2~/~ lenses have
smaller and softer lens nuclei. The smaller lens nuclei in EphA2~/~
lenses are correlated with membrane interdigitation changes in
perinuclear fiber cells. Perinuclear control fibers have large inter-
locking protrusions along the short sides of the fiber cells that have
tongue-and-groove interdigitations whereas the long sides of the
cells have globular membrane morphology. In contrast, EphA2~/~
perinuclear lens fibers have small and pointy protrusions, and the
entire cell membrane displays deep and abnormal tongue-and-
groove interdigitations. Images not drawn to scale.

of the nuclear fibers®>®%> results in high refractive index at

the center of the lens.”” Our work in aging mouse lenses
suggested that the increased area of high refractive index in
lenses from old mice is correlated with the increase in size
of the hard, compact lens nucleus.? This work indicates that
in mouse lenses, high refractive index may be related to the
compaction of the lens nucleus since the smaller and softer
lens nuclei of EphA2~/~ lenses is directly correlated with
a smaller area of high refractive index with a significantly
lower maximum refractive index. To better understand the
impact of compaction on GRIN, more detailed analysis of
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nuclear fiber size and density in the compact region and
comparison between lenses from young and old mice will
be needed to reveal whether compaction drives the increase
in GRIN in mouse lenses. From our total protein profiles,
there were no obvious changes in the main protein peaks,
including crystallins, between control and EphA2~/~ lens
homogenates in the whole lens or subfractions of the lens
(Fig. 6). Thus it is unlikely that the significant refractive index
changes seen in EphA2~/~ lenses are caused by changes in
overall protein levels. We will need to further analyze the
protein profile of control and EphA2~/~ lens nuclei to deter-
mine whether there are subtle biochemical changes that may
contribute to the decreased refractive index at the center of
EphA2~/~ lenses.

In ephrin-A5~/~ lenses, the overall GRIN profile is simi-
lar to control lenses, but there is a small, but significant,
decrease in the maximum refractive index at the center of the
ephrin-A5~~ nucleus. Thus, the nucleus of the ephrin-A5~~
lenses is mostly normal, but there may be a subtle develop-
mental change in the central region resulting in the lower
maximum refractive index compared to control lenses. The
total protein profile of the control lens nucleus is compara-
ble to that of the nucleus in ephrin-A5~" lenses suggesting
no alteration in total protein content in these lenses. Since
little is known about nuclear formation, studies of embry-
onic ephrin-A5~/~ lenses are needed to elucidate the mech-
anism for the development the GRIN in mouse lenses and
why there may be a difference in maximum refractive index
in the control and ephrin-A5~/~ lenses.

In human lenses, it has long been hypothesized the
nucleus stiffness and size affect the overall biomechanical
properties of the lens, and that increased nucleus size and
stiffness contributes to the development of presbyopia.’30:32
Data from this study and from a recent biomechanical inves-
tigation of EphA2~/~ lenses®® show that, in mice, whole
lens stiffness is not directly influenced by the size or stiff-
ness of the lens nucleus because the overall lens stiffness
is also affected by the size and stiffness of the cortex.
These findings are supported by our previous work show-
ing that mouse lenses with an actin-binding protein defi-
ciency were softer than controls despite an enlarged and
stiff nucleus in the knockdown lenses.®! In lenses from very
old mice, the enlarged lens nucleus does not proportion-
ally affect overall lens stiffness.?® It is important to conduct
more thorough investigations on the biomechanical prop-
erties of the lens cortex and nucleus taking into account
the variations in protein distribution that create the refrac-
tive index gradient® to build a detailed model of the whole
lens to understand the relative contributions of peripheral
and nuclear fibers to the stiffness and resilience of the lens.
Further studies to examine EphA2~/~ lenses from old mice
are needed to determine whether the nuclear size remains
small due to disruption of Eph-ephrin signaling and to
measure the whole lens and nuclear stiffness as well as the
GRIN. Given that protein density determines the magnitude
of refractive index, development of this critical optical prop-
erty may yield further understanding of the opto-mechanical
relationship of the mouse lens and the contribution of
nuclear size and stiffness to whole lens functional proper-
ties. As compaction is not found in all species, comparison of
lenses from young and old animals from a range of accom-
modating and non-accommodating lenses may provide
more information about the mechanism of development of
the GRIN and the biomechanical properties in any given
species.
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