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Abstract

We have investigated how connexin 46 (Cx46) regulates lens stiffness by studying different Cx46
knockout (Cx46K0O) mice. A modified muscle lever system was used to determine the lens
stiffness of wild-type (WT) and Cx46KO mice at the C57BL/6J (B6) and the 129SvJae (129)
strain backgrounds according to total lens displacement at the point of maximum force when fresh
lenses were compressed with a maximum of 2 mN of force. In comparison to B6-WT controls,
young and old B6-Cx46KO lenses showed 23% and 28% reductions in lens displacement,
respectively. Comparing to 129-WT controls, old 129-Cx46KO lenses showed 50% reduction

in the lens displacement while young 129-Cx46KO lenses displayed similar displacement. Old
B6-Cx46KO and old 129-Cx46KO lenses showed almost identical lens displacement, 128 ym
versus 127 um. Morphological data revealed unique changes of peripheral fiber cell shapes in
young B6-WT lenses but not in young B6-Cx46KO, 129-WT and 129-Cx46KO lenses. This
work reveals Cx46 deletion increases the lens stiffness in both young and old mice at B6 strain
background but only in old mice at 129 strain background which contains intermediate filament
CP49 gene deletion. Cx46 impairment increases old mouse lens stiffness and may contribute to the
development of preshyopia.
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1. Introduction

The ability of the lens to change its shape to focus is called accommodation, which is related
to lens stiffness. The stiffness of the eye lens has been shown to increase with age (Glasser
and Campbell, 1999; Heys et al., 2004; Weeber et al., 2007). The increase in lens stiffness
has also been suggested to be one of the causes for presbyopia, named for the age-related
decrease in the ability of the lens to focus for near vision. Presbyopia will affect everyone
with age, so a better understanding about the mechanistic regulation of lens stiffness in
aging may lead to potential strategies to delay the onset of this vision disorder to occur later
in life.

Several changes may lead to increased stiffness of the aging lens (Baradia et al., 2010;
Wang and Pierscionek, 2019). For instance, the lens continues to grow in size by adding
additional layers of fiber cells to the outside bulk of the lens (Cheng et al., 2019).

Aging is associated with an accumulation of post-translational modifications of long-lived
lens crystallin proteins as well as increased oxidative damage and cross-linking of lens
cytoskeletal proteins that may impact on the mechanical properties of lens inner mature
fibers (Nandi et al., 2020). However, the underlying molecular and cellular mechanisms for
regulating lens stiffness, accommodation and presbyopia remain poorly understood.

Although mice lack fully developed ciliary muscles and mouse lenses do not accommodate
like the primate lens, mice have similar cellular architecture for lens stiffness and
transparency that can be measured in vitro (Gokhin et al., 2012; Nowak and Fowler, 2012;
Parreno et al., 2018). A recent study has reported a comprehensive overview of age-related
changes in wild-type murine lenses including lens stiffness and refractive index, suggesting
similarities between murine and primate lenses (Cheng et al., 2019). Genetic mutant mice
are readily available for investigating the molecular and cellular bases for the regulation of
lens mechanical and optical properties.

Several studies also indicate that mouse lens stiffness is influenced by lens capsule and
cellular microstructure, age and genetic backgrounds of mouse strains and gene mutations
(Fudge et al., 2011; Baradia et al., 2010). Additional reports have shown that the loss of
soluble a-crystallins increases the stiffness of the lens nucleus specifically (Heys et al.,
2007; Truscott and Zhu, 2010; Truscott, 2009). Proteins required for proper organization of
lens fiber cells have also been shown to affect lens stiffness. For instance, tropomodulinl
(Tmod1) is an actin capping protein required for the hexagonal geometry of the lens fiber
cells (Yamashiro et al., 2012; Nowak et al., 2009; Fischer et al., 2000). Loss of Tmod1

in mice resulted in a decrease in load-bearing ability (Gokhin et al., 2012). Similar results
were obtained upon the loss of lens-specific beaded filament CP49 (Fudge et al., 2011).
These studies revealed some insights about how interactions between lens proteins, cell
cytoskeleton and cell membrane could affect lens stiffness. It is necessary to study whether
and how age-related lens stiffness can be impacted by the changes of gap junctions and
intermediate filaments at different mouse strain backgrounds.

Various methods have been used to measure lens stiffness, such as penetrating using a
conical probe (Pau and Kranz, 1991), squeezing by an actuator (Glasser and Campbell,
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1998; Baradia et al., 2010), stacking several static weights on top of the lens (Gokhin et al.,
2012), and spinning of lenses (Fisher, 1971; Burd et al., 2011; Wilde et al., 2012). Here,

we used a highly adjustable muscle lever device to measure stiffness of lenses from mice of
different age groups and genetic backgrounds. This device can provide an accurate measure
of force and displacement exerted onto the lens, and stiffness values can be determined
based on the measurements of displacements.

This work has investigated the changes of lens stiffness with aging by using mouse Cx46KO
models with a disruption of Gja3 gene, which encodes connexin 46 (Cx46) protein subunits
of gap junction channels in lens fibers. Both wild-type and Cx46KO mice at young and

old ages from the C57BL/6J (B6) and 129SvJae (129) strain backgrounds were subjected

to the measurement of lens stiffness by using the muscle lever device. Cell shapes of lens
peripheral fibers under uncompressed and compressed states were examined by quantitative
analysis of the lens morphological images. The results indicate that Cx46 plays an important
role in the regulation of lens stiffness.

2. Material and methods

2.1

2.2

Mice and lens sample preparation

Mouse care and breeding were performed according to the Animal Welfare Regulations
and the National Institute Health guidelines and regulations for using animal research.

The Animal Care and Use Committee (ACUC) at University of California at Berkeley
approved the experimental protocol with all procedures as well as animal care, monitoring
and breeding for using mice in this study. Animals were housed with free access to food
and water, with a 12:12 h light:dark cycle. Four mouse lines, including C57BL/6J wild-type
(B6), B6-Cx46KO (Gja3™1), 129SvJae wild-type (129) and 129-Cx46KO (Gja3™1), were
used in this study. Mice were euthanized by CO, inhalation followed by cervical dislocation.
Fresh lenses were immediately dissected in phosphate buffered saline (PBS). Lens images
were collected under a dissection microscope (MZ16 Leica) with a digital camera. For side
images, lenses were placed near a 45° right angle mirror. All fresh lenses from mice at two
different ages, young (4 weeks old) and old (40-44 weeks old), were subjected to muscle
lever compression measurement.

Biomechanical compression testing using a muscle lever device

Freshly dissected mouse lenses were transferred to individual tubes and submerged in
Dulbecco’s Modified Eagle Medium (DMEM) without phenol red while being transported
to the muscle lever device. Each lens was placed one at a time inside a clear, plastic chamber
filled with DMEM during compression testing. A hand camera was used to record lens
compression during each trial and to visually confirm proper placement of the lens and the
muscle lever. Mechanical testing was performed on the submerged lens surface by using

a hardened clay top-piece attached to a needle connected to the muscle lever. The loading
regimen used was a triangle wave with a maximum of 2 mN of force to be reached to
compress the lens after 2 min. Then the lens was unloaded back to 0 mN of force in 2

min, a duration of 4 min per testing cycle. Force and displacement data were collected
every 0.2 s during the testing. The lever was then raised out from the chamber, and the
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lens was continually recorded up to 3 min afterwards. The Matlab vR2009b software was
used to access and analyze the data generated by the muscle lever. The average and standard
deviation of maximum displacement measurements were plotted in Excel.

A three-way between subjects ANOVA was used to determine the effects of mouse

age, genetic background, and Cx46 genotype on muscle lever lens displacement. Once

the ANOVA was determined to be significant, Scheffe post-hoc correction was used to
determine which pairs of means were significant. The Scheffe correction was used due to
unequal sample sizes between comparison groups. P values lower than 0.05 were considered
statistically significant. The calculations were performed using the JASP statistical software
package (JASP Team (2020), JASP (Version 0.14.1)).

2.3. Vibratome sections of uncompressed and compressed lenses

For each pair of lenses extracted from one mouse, one lens was fixed uncompressed,

while the other lens was fixed under static compression using 16 circular glass coverslips
with a diameter of 12 mm to mimic the compression experienced during the muscle lever
experiments. The selection of 16 coverslips was calculated to approximately mimic the
maximum compression experienced by the lens during muscle lever compression. The same
set of coverslips was used for each experiment. A small piece of plastic sheet approximately
1 mm in height was positioned with super glue in the corner edge of each plastic chamber
to allow the coverslips to more directly compress each lens vertically as opposed to
compressing them at an angle.

Both uncompressed and compressed lenses were placed in clear, plastic chambers filled with
4% paraformaldehyde (PFA) in PBS and fixed for 1 h at room temperature. After fixation,
lenses were washed in PBS three times for 10 min each. Then fixed lenses were mounted
with super glue onto an aluminum-sectioning stand. Lenses were covered with warm 2.5%
agar, then submerged in PBS and sectioned using a Leica VT 1000S microtome with a speed
setting of 3—4 and frequency setting of 6—7. Lens cross sections between 100 and 150 um in
thickness from similar depths (near the equator of each lens) in different lens samples were
collected and post-fixed for 10 min with cold 4% PFA in PBS and then washed in cold PBS
three times before histochemical staining.

2.4. Morphological and statistical analysis of lens fiber cells

Lens vibratome sections were incubated with Alexa Fluor 488 Phalloidin (Thermo Fisher
Scientific, Inc.) and Rhodamine wheat germ agglutinin (WGA) (Mector Laboratories, Inc.,
Burlingame, CA) for 2 h at room temperature in a blocking solution consisting of 3%

bovine serum albumin (BSA) (Research Products International, Mt Prospect, IL), 3% normal
goat serum (NGS) (Vector Laboratories, Inc., Burlingame, CA), and 0.3% Triton X-100 in
PBS. Sections were then washed three times in PBS and mounted with DAPI VectorShield
mounting medium (Vector Laboratories, Inc., Burlingame, CA). Florescent images were
collected by a Zeiss LSM700 confocal microscope with a 63X lens. Staining was repeated
at least three times from lens pairs of three different mice, and representative results were
shown.
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High magnification images of both uncompressed and compressed lens sections were
analyzed using the ImageJ software. Rows of fiber cells were first enumerated, and each
fiber cell width within a row was measured. Cells containing nuclei were omitted in the

final analysis as they artificially overinflated the average fiber cell width. Two neighboring
cells with one cell containing a nucleus were also omitted from the analysis as they were
often pushed aside from the larger nucleus, significantly thinning their width measurement.
A bounding box of 40 um in width and 100 um in height was drawn approximately 10 pm
from the lens surface. A second bounding box with the same dimensions was stacked next to
the first, creating two distinct regions of 10-50 um from the lens surface and 50-90 pm from
the lens surface. Only fiber cells fully included within each bounding box were counted. The
average and standard deviation of all fiber cell width measurements within each bounding
box were plotted in Excel. Student’s t-test was used to determine statistical significance.

A two-way between subjects ANOVA was used to examine the effect of coverslip
compression and fiber cell depth on fiber cell width. Once significance was determined
using ANOVA, Scheffe post-hoc correction was used to determine which pairs of means
were significant. The Scheffe correction was used due to unequal sample sizes between
comparison groups. P values lower than 0.05 were considered statistically significant.
The calculations were performed using the JASP statistical software package (JASP Team
(2020), JASP (Version 0.14.1)).

3. Results

3.1. Young and old lenses measured by a muscle lever lens compression apparatus

As expected, lenses from wild-type mice of both B6 and 129 strain backgrounds were clear
at the ages of 4 weeks (young) and over 40 weeks (old). The B6-Cx46KO lenses displayed
mild cataracts while the 129-Cx46KO lenses had severe nuclear cataracts (Fig. 1), which is
consistent with our previous publication (Gong et al., 1999).

The muscle lever device consists of a clay top-piece attached to a controllable lever arm of a
thin metal pin. The position and/or force of the lever arm can be precisely controlled through
the MATLAB software. Lens samples were submerged in warm Dulbecco’s Modified Eagle
Medium (DMEM) without phenol red in a clear plastic chamber with a handheld camera
positioned to video record the lens during the entire compression trial, and to confirm
correct positioning of the lens and the top-piece (Fig. 2A). Videos of the entire compression
process and up to 3 min after the removal of the clay top were recorded for each lens sample.
Representative still images at various time points throughout each trial were captured from
the video files to show the lens at various stages of compression (Fig. 2B). The 3-min rest
period after each compression trial was found to be enough to visually observe the lens
return to its original shape. The vertical distance change of the lens surface is reported as
lens displacement.

Representative displacement and force curves were presented to demonstrate the typical
data obtained during muscle lever compression. The force curve (green) showed a triangle
wave starting at 0 mN, peaking at 2 mN after 2 min, and then returning to 0 mN after

two more minutes (Fig. 2C, top). The displacement curve (blue) reached its peak value at 2
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min, coinciding with the peak in force (Fig. 2C, top). This point of maximum displacement
was used to compare lenses from mice of various genotype and age groups. The data were
also plotted as Force (mN) vs Displacement (um) to help visualize additional mechanical
properties of each compression trial (Fig. 2C, bottom).

3.2. Stiffness comparison between young and old lenses of different genetic
backgrounds

Using the muscle lever lens compression apparatus, a decrease in average maximum
displacement reflects an increase in lens stiffness. Compared to young lenses (4 weeks

old) from the same genotype mice, old lenses (over 40 weeks old) in both B6 and 129

strain backgrounds appeared to be stiffer because of their significant decrease in maximum
displacement. There were significant main effects for all three independent variables, age

(p < 0.001), strain background (p = 0.005), and genotype (p < 0.001). There were also
significant interactions between the effects of age and genotype (p = 0.004), as well as the
combination of all three variables (p < 0.001). Young B6-WT lenses had average maximum
displacement of 328.5 um * 18.9 um (n = 9), while old B6-WT lenses displayed reduced
average maximum displacement of 179.8 pm + 17.2 pm (n = 12); post-hoc tests using the
Scheffe correction showed that the old B6-WT lenses were significantly stiffer than young
lenses (Pscheffe < 0.001), showing about 45% reduction in lens displacement. The same
trend is observed at 129 strain background, with young 129-WT lenses averaged 303.7

pum £ 20.7 um (n = 6) and old 129-WT lenses averaged 242.2 ym + 31.4 ym (n = 12)

(Fig. 3); the old 129-WT lenses were also significantly stiffer than young lenses (pscheffe <
0.01), displaying about 20% reduction in lens displacement. The stiffness of young 129-WT
and young B6-WT lenses were similar as their average displacements were not statistically
different (pgcheffe = 0.871). In contrast, the old 129-WT lenses were significantly softer than
the old B6-WT lenses (Pscheffe < 0.001), showing about 35% increase in lens displacement.

A deletion of Cx46 appeared to significantly stiffen lenses in young B6, old B6 and old
129 mice but not young 129 mice (Fig. 3, light bars). The maximum displacement of young
B6-Cx46KO lenses averaged 251.9 um + 39.2 um (n = 16), significantly lower than that of
B6-WT lenses (pPscheffe < 0.001), about 23% reduction; while the maximum displacement
of young 129-Cx46KO lenses averaged at 287.9 um £ 12.3 um (n = 8), a value similar

to that of 129-WT lenses and is not statistically different (pscheffe = 0.990). Differences
were obvious in older lenses, with the maximum displacement of old B6-Cx46KO lenses
averaged 128.6 um £ 24.1 ym (n = 12), significantly lower than that of old B6-WT lenses
(Pscheffe < 0.01), about 28% reduction; the maximum displacement of old 129-Cx46KO
lenses averaged 127.0 pm £ 23.2 um (n = 7), significantly lower than old 129-WT

lenses (pscheffe < 0.001) (Fig. 3A), about 50% reduction. The static significances for the
comparison in Fig. 3

3.3. Changes of peripheral lens fiber cell shape during lens compression

Lenses from 4-week-old B6-WT mice were used to further investigate the cell shape
changes that might be occurring during the compression of a lens. To mimic the
compression of the lens during muscle lever experiments, 16 glass coverslips with a
diameter of 12 mm (mimicking the maximum displacement force) were used to statically
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compress the lens during fixation with 4% paraformaldehyde (Fig. 4A). After 1 h, coverslips
were removed, and lenses retained compressed shapes were processed for morphological
examination of lens fibers.

Two distinct regions of lens fibers with typical hexagonal shape, approximately 10-50 pm
and 50-90 um from the lens surface, were chosen to determine any potential shape changes
that might be occurring during compression (Fig. 4B). Representative high magnification
images from both uncompressed and compressed lenses with outlined bounding boxes were
used for ImageJ analysis. The width of these lens fiber cells was chosen as the representative
parameter to analyze, but other parameters, such as length, perimeter, aspect ratio, and total
cross-sectional area, were also considered. The widths of individual fiber cells within each
bounding box were counted and averaged for final analysis.

Statistical analysis of average fiber cell width within two chosen regions (10-50 pm and
50-90 um) of lens sections from three different young B6 wild-type lenses (n1, n2 and n3)
under uncompressed and compressed conditions was performed and summarized in Table
1. The changes of average fiber cell width of each lens sample between uncompressed

and compressed conditions are obvious in the 10-50 um region but not in the 50-90 um
region (Fig. 4C). Moreover, statistical comparisons of the average fiber cell width in the
two chosen regions of three lens samples are shown (Fig. 4D). There were significant main
effects for both fiber cell region (p < 0.001) and compression state (p < 0.001), as well

as a statistically significant interaction effect between the two conditions (p < 0.001). In

the 10-50 um region, fiber cells in the uncompressed state averaged a width of 1.785 um

+ 0.403 um, from 429 cells of three different lens samples (n = 3 lenses, 429 cells total)
measured; while fiber cells in the compressed state averaged a width of 1.419 ym £ 0.301
um (n = 3, 493 cells), shown to be significantly narrower than the uncompressed cells using
Scheffe post-hoc correction (pscheffe < 0.001), about 20.5% reduction in width (Fig. 4D, the
left pair of bars). This indicated that near the very periphery of the lens, fiber cells appeared
to be stretched along their long side axis during compression. Interestingly, the opposite
trend was observed in the deeper 50-90 um region, with uncompressed fiber cells averaging
a width of 2.178 um £ 0.519 um (n = 3, 342 cells) and compressed fibers averaging slightly
wider at 2.329 um £ 0.494 pum (n = 3, 257 cells). The average size of the compressed fibers
in the deeper region was found to be significantly wider than uncompressed fibers from the
same region (Pscheffe < 0.05), despite the absolute difference being quite subtle, only a 6.9%
increase. This suggested that within this deeper region, hexagonal cross-section fiber cells
were being stretched along their short side axis to become square-like cross-section under
compression.

The deep fibers beyond the regions above displayed waved cell boundaries and irregular
shapes in the B6-WT lens sections, thus we were unable to quantitatively analyze their

cell shapes. In addition, we did not observe any significant changes of peripheral fiber

cell shapes between uncompressed and compressed lenses of 4-week-old B6-Cx46KO,
129-WT and 129-Cx46KO mice, besides some compressed inner fibers seemed to be wider,
especially in the 129-Cx46KO lenses (Fig. 5, towards the right side on the bottom-right
panel).
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4. Discussion

This work provides the first in vivo evidence that the presence of Cx46 connexin is
important for lens stiffness in old mice since old Cx46 KO mice show drastically increased
lens stiffness regardless of mouse B6 and 129 strain genetic backgrounds. Young B6-
Cx46KO lens stiffness is significantly increased when compared to B6 wild-type control,
thus Cx46 is also important for lens stiffness of young mice at B6 genetic background.
However, young 129-Cx46KO lens stiffness appears to be unchanged, while Old 129-
Cx46KO lenses become equally hardening as old B6-Cx46KO lenses. These results indicate
that Cx46 is important for the regulation of lens stiffness in old mice, regardless of the strain
backgrounds.

4.1. Cx46 gap junctions and lens stiffness

Lens Cx46 and Cx50 can form homomeric and heteromeric gap junctions (Kumar and
Gilula, 1996; Jiang et al., 1995). They are co-localized in the ball-and-sockets on the long
side as well as in the flat regions on the short side of hexagonal shape fiber cells (Wang et
al., 2016, 2017; Lo and Reese, 1993; Biswas et al., 2010). Several studies have suggested the
adhesion role of Cx50 in cultured lens cells in vitro and its role in maintaining organization
and integrity of lens fibers in vivo (Gu et al., 2019; Hu et al., 2017). However, the role of
Cx46 gap junctions as adhesion structures between lens fibers has not been evaluated. This
work suggests that the presence of Cx46 is essential for maintaining old lens stiffness. The
downstream mechanism for how a loss of Cx46 leads to lens hardening remains unknown
at current stage. The lens hardening occurs at similar levels in old Cx46KO lenses of both
B6 and 129 strain genetic backgrounds, which contradicts the fact that age-related nuclear
cataract appears to be more severe in 129 Cx46KO mice. Nuclear cataract formation in
Cx46KO is associated with lens calcium elevation as well as increased degradation and
aggregation of crystallin proteins; and Capn3 (calpain 3) gene deletion could alleviate
nuclear cataract in 129 Cx46 CAPN3 double knockout lenses (Tang et al., 2007). Up to
date, there is no study directly addressing whether lens calcium level elevation or activation
of calpain3 activity are involved in the regulation of lens stiffness. Based on the outcome
of lens stiffness increase in both 129 and B6 Cx46KO lenses of old mice, this study
suggests that the downstream mechanism leading to lens hardening may differ, at least in
part, from the mechanism that causes nuclear cataracts in Cx46KO lenses. We do not know
whether the lens hardening in Cx46KO lenses is related to the function of Cx46, Cx46
hemichannels, Cx46 gap junctions and/or their downstream targets. Future studies will be
needed to elucidate the molecular and cellular mechanisms that cause lens hardening in
Cx46KO lenses, which may be related to interactions between gap junction communication
and cytoskeletal structures.

4.2. Lens stiffness and cytoskeletons

Mechanistic studies of lens stiffness have been mainly focused on the lens cytoskeletal
proteins due to their involvement in lens cell architecture and mechanical properties. The
129 wild-type mouse strain contains a CP49 gene deletion, thus abolishing lens beaded
intermediate filaments (Alizadeh et al., 2004). The lens stiffness of 5- to -12-week-old
CP49KO lenses are lower than their wild-type counterparts, but 1-year--old wild-type and
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CP49KO lenses show similar stiffness (Fudge et al., 2011). CP49 deletion alleviates the
lens stiffness increase in young 129 Cx46KO lenses but not old 129 Cx46KO lenses. This
work also confirms that CP49 knockout lenses are less stiff than wild-type controls. The
underlying mechanism for how an absence of CP49 leads to lens softening remains elusive.
A recent study reported that Tmod1(—/-) CP49(-/-) double-knockout (DKO) disrupted
cytoskeletal networks in lens fiber cells, resulting in increased gap junction coupling
resistance and hydrostatic pressure (Cheng et al., 2015). Gap junction plaques, resting

in voids of the membrane-associated actin-spectrin network, became smaller in size due

to the disruption of actin-spectrin network in DKO fibers. It remains unclear about how
impaired gap junctions in Cx46KO directly and/or indirectly affect the lens stiffness. How
gap junctions and cytoskeletons coordinately regulate lens mechanical properties needs to be
further investigated too.

Lens stiffness, lens fibers and aging

Several studies have linked increased lens stiffness with aging (Heys et al., 2004; Gokhin et
al., 2012; Baradia et al., 2010; Burd et al., 2011). The increase of lens stiffness is greater

in the human lens nucleus, which is initially softer than the surrounding cortex until about
the age of 40 years when the lens nucleus becomes stiffer (Weeber et al., 2007; Michael

and Bron, 2011). Our measurements were performed on whole intact lenses, which do not
permit differentiation between cortex and nucleus. Fresh whole lenses were chosen in this
study to avoid any destructive structural damage that would ultimately be caused by freezing
or slicing of the lens. In this study, Cx46KO lenses recovered to its original size and shape
after the compressed test. We were unable to obtain reliable data from dissected lens nucleus
with this dynamic stiffness measurement. A new technology that can directly measure the
stiffness changes of lens core will be crucial to understand the age-related increase of lens
stiffness.

The morphological analysis of peripheral fibers of young B6 lenses reveals unique changes
of hexagonal shape fibers under uncompressed and compressed conditions (Fig. 6). This
finding is similar to a previous study that reports an increase in the long side of equatorial
fiber cells in 10 um depth of compressed lenses from 6- to 9-week-old C57BL/6J mice
(Parreno et al., 2018). Those compressed fibers locate in less than 100 pm in depth from the
lens surface; presumably fiber ends should be still attached to the lens capsule. However, the
ends of the inside part of peripheral fibers were closer to the polar region when compared

to the ends of the outside part of peripheral fibers. Perhaps, this positional difference might
impact fiber cell deformation in a different way under strain.

Hexagonal shaped peripheral fibers become narrow towards the surface and become wide
towards the interior under the compression in young B6 lenses (Fig. 6). Fiber cell narrowing
is associated with the short sides stretching out while fiber cell widening is related to the
short sides pushing inward. These phenomena suggest that the directional movements of
short sides of hexagonal shaped fibers are responsible for the lens shape change under
uncompressed and compressed conditions. Cx46 gap junctions are located at the flat regions
between protrusions on the short sides (Lo and Harding, 1986; Wang et al., 2017). Presence
of both Cx46 and CP49 seems to be important for supporting the directional movement
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of the short sides of peripheral hexagonal shaped fibers of young B6-WT lenses, since
such distinct changes are not observed in the 129 wild-type (lacking CP49), B6-Cx46KO
and 129-Cx46KO lenses. It may be important to investigate the role of gap junctions and
cytoskeletons in the mechanical induced movement of the short sides of fiber cells.

5. Conclusion

This study indicates that the Cx46 is important for lens stiffness in old mice. The mechanism
of lens hardening may differ from the mechanism of nuclear cataract formation in Cx46KO

lenses. Cx46 and gap junctions may play a role in lens accommaodation or preshyopia. Cx46
knockout lenses may be a valuable model for mechanistic study of age-related lens stiffness.
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Fig. 1. Lens images of young and old WT and Cx46KO mice at B6 and 129 strain backgrounds.
Both visual axial (front) and side images of the same representative lens are shown. Young

lenses (top two rows) were 4 weeks old, while old lenses (bottom two rows) were 44 weeks
or older. The lenses in the left two columns were from the B6 strain background mice while
the lenses in the right two columns were from the 129 strain background. Scale bar, 1 mm.
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Fig. 2. Lens stiffness is measured by a muscle lever device setup.
(A) A schematic drawing shows the muscle lever system and the placement for lens

sample and camera. The vertical distance change of the lens surface is reported as lens
displacement. (B) Lens images at various time points throughout compression testing were
shown: first panel, 0 min, muscle lever just barely hovering over the lens; second panel, 2
min, muscle lever was exerting the maximum force, 2 mN, and the lens was at its maximum
displacement; third panel, 4 min, the muscle lever was exerting 0 mN of force and the

lens was almost fully recovered to its original shape; fourth panel, 7 min, the muscle lever
was removed from the lens completely, and the lens was allowed to fully recover for three
additional minutes. Scale bar, 1 mm. (C) Representative data generated by the muscle lever
system, graphed using Microsoft Excel. Top panel showed displacement (um) (blue curve)
vs time (sec) on the left axis, and force (mN) (green curve) vs time (sec) on the right axis.
Bottom panel displayed force (mN) vs displacement (um). This representative data set was

taken from a 4-week-old B6-WT lens.
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Fig. 3. Average displacement comparison between young and old lenses of WT and Cx46KO mice

at B6 and 129 genetic backgrounds.

X-axis shows different lens samples, black bars for wild-type lenses and grey bars for

Cx46KO samples. Y-axis shows lens average displacement with standard deviation under the
maxim 2 mN of applied force. Data are mean = SD, n = 6-12 lenses of each sample group,

three-way between subjects ANOVA with post-hoc comparisons using the Scheffe test

were used for statistical analysis, *p < 0.01, indicating a statistically significant difference

between Cx46KO compared to the wild-type; NS, not statistically significant.
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Fig. 4. Lens fiber cell shape analysis of 4-week-old uncompressed and coverslip-compressed
B6-WT lenses.

(A) Side images of uncompressed lens (the left panel) before placing 16 coverslips for
compressing the lens (the right panel). Scale bar, 1 mm. (B) Representative confocal images
of lens cross vibratome sections, stained for nuclei (DAPI, blue), F-actin (FITC-phalloidin,
green), and plasma membrane (rhodamine-WGA, red). The top two panels were the original
uncompressed and compressed images of 100 pm-wide lens peripheral cortex (lens surface
is on the left side end), and the bottom panels showed the two 40 um-wide outlined regions
in each image for measuring fiber cell widths in C. Scale bar, 10 um. (C) The graphic

panel shows the averages of the fiber cell width within two chosen regions (10-50 um and
50-90 um) of lens sections from three different young B6 wild-type lenses (n1, n2 and n3)
under uncompressed and compressed conditions. (D) Bar graphs show the comparisons of
the average fiber cell width in two regions of the lens sections between uncompressed and
compressed lenses. Two-way between subjects ANOVA with post-hoc comparisons using
the Scheffe test were used for statistical analysis; about 257-493 cells, from the sections of
3 different compressed and uncompressed lenses of each genotype (n = 3), were used for the
comparisons, data are mean * SD, * indicates p < 0.05, statistically significant.
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Uncompressed Compressed

129WT

Fig. 5. Representative confocal images of lens vibratome sections of 4-week-old B6-Cx46KO,
129-WT and 129-Cx46KO lenses.

All sections were cut in the cross orientation, and stained for nuclei (DAPI, blue), F-

actin (FITC-phalloidin, green), and plasma membrane (rhodamine-WGA, red). The panels
displayed images of 100 pm-wide lens peripheral cortex (lens surface is on the left side end).
Scale bar, 10 pm.
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Fig. 6. A schematic summary of proposed mechanism for young B6-WT lenses.
Data presented in this study suggest that there are several bands of fiber cells when the lens

was examined in an AP section: an outer band (dark grey) ranging from ~10 to 50 pm from
the lens surface, an inner band (grey) in the range of ~50-90 um, and the remainder of the
fiber cell mass (light grey). Under compression, fiber cells in the light grey band region
undergo a cross-sectional shape change from hexagon to square, as observed in compressed
lens samples.
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Statistical analysis of average fiber cell width within two chosen regions (10-50 pm and 50-90 um) of lens
sections from three different young B6 wild-type lenses (n1, n2 and n3).

Samples

Average fiber cell width + SD (fiber cell count)

10-50 um

50-90 pm

Uncompressed

Compressed

Uncompressed

Compressed

nl
n2
n3

nl+n2+n3

1.895 + 0.378 (172 cells)
1.576 +0.304 (136 cells)
1.862 +0.446 (121 cells)
1.785 + 0.403 (429 cells)

1.672 +0.200 (125 cells)
1.211 + 0.225 (155 cells)
1.421 +0.284 (213 cells)
1.419 +0.301 (493 cells)

2.220 + 0.682 (96 cells)

2.038 + 0.395 (134 cells)
2.308 + 0.448 (112 cells)
2.178 + 0.519 (342 cells)

2.186 + 0.421 (68 cells)
2.157 + 0.415 (74 cells)
2525 +0.514 (115 cells)
2.329 +0.494 (257 cells)
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