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Abstract
Investigating the Molecular Mechanisms Dictating Lens Stiffness and Growth: Functional

Studies of Gap Junction and a-Crystallin Mutant Lenses
by
Wiktor Gustaw Stopka
Joint Doctor of Philosophy
with University of California, San Francisco
in Bioengineering
University of California, Berkeley

Professor Xiaohua Gong, Chair

Our vision depends on several key optical properties of the eye lens including: transparency,
high refractive index, and accommodation, which relies on the elastic process of lens
deformation to focus light clearly onto the retina. The lens is composed of a monolayer of
epithelial cells that cover the anterior hemisphere of bulk elongated fibers and is wrapped by a
basement membrane called the lens capsule. Genetic studies reveal that mutation in members of
key lens proteins such as gap junctions, cytoskeletal proteins, and crystallins impair lens growth,
homeostasis, transparency, and / or other optical properties. However, the underlining
mechanisms of how mutated genes lead to lens pathology remain not well understood. Moreover,
it is unknown how mutated gap junctions, consisting of several different connexin subunits,
affect lens elasticity, or how mutated aA-crystallin impairs lens growth or disrupts the
cytoskeleton.

My thesis project, consisting of three parts, aims to elucidate the roles of gap junctions, the lens
cytoskeleton, and crystallins in the development and maintenance of lens elasticity and lens
growth. In part one, connexin mutant mouse lenses are subject to the measurement of lens
stiffness by a novel muscle lever system. The results show that knockout of gap junction gene
Gja3, also known as a3-connexin or Cx46, caused a marked increase in lens stiffness across
almost all genotypes and ages. In addition, it was shown that mouse strain backgrounds,
associated with variant periaxin, a cytoskeletal organization protein, had significant effects on
the bulk lens stiffness, with the C57BL/6J strain background resulting in softer lenses, while the
129 strain background produced stiffer lenses. Part two investigates lenses with mutated a.A-

Y 118D crystallin protein, which present a unique lens growth defect. Mutant lenses stop growing
after 8 weeks of age and mutant lens fiber cells exhibit abnormal growth and are unable to
elongate. Next, studies of aA-crystallin mutations in cultured lens epithelial cells reveal the
interaction between aA-crystallin with the lens cytoskeleton. Results show that aA-crystallin is
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associated with lamellar actin in wild-type cells, while aA-Y118D mutant protein tends to form
aggregates with actin. Finally, part three reveals a novel regulation of lens connexin expression
in cultured lens epithelium with a new cell culture medium. Treatment with SB431542 (SB), a
transforming growth factor  (TGF-B) inhibitor, is important to maintain the expression of gap
junction gene Gja8, also known as a8-connexin or Cx50, while fibroblast growth factor (FGF)
treatment suppresses its expression.

My dissertation reveals the novel role of gap junctions and cytoskeletal proteins in the
regulation of lens elasticity and further elucidates the unique role of aA-crystallin in the
regulation of lens cytoskeletal structures in vivo and in vitro. Finally, the expression of gap
junction proteins in lens epithelial cells is negatively regulated by both the TGF-$ and FGF
signaling pathways. This work further improves our understanding of the regulation and
maintenance of lens optical properties during lens development.
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1.1 Motivation and Aim of Study

Accommodation is the process by which the focusing power of the lens is adjusted to focus
images clearly onto the retina. This ability to change the shape of the lens is lost as the eye
becomes older in humans and monkeys. This loss in ability to accommodate is called presbyopia
and is considered the most common human ocular affliction. The loss of human accommodation
potential is a progressive process that begins early in life and concludes with a complete inability
to accommodate by age 50 to 55 years. This phenomenon has a major impact on both the
developed and developing world”, as many cases are left untreated, or undertreated. There are a
number of ways to correct for presbyopia by various optical means®, but the cost to do so,
through medical devices*®, loss of productivity®, or non-surgical” and surgical methods®°, i
considerable. Despite these advances in ocular correction, presbyopia will affect everyone in
some form or another after five decades of life, particularly those unable to access appropriate
eye care. Currently there is no known method to prevent or delay the onset of presbyopia. The
molecular and cellular mechanism for presbyopia remains elusive, but might be related to the
modification of lens proteins that occurs during aging, affecting both lens elasticity and / or
refractive index.

S

Through many years of research, our understanding of the development and aging of the
humans lens, both biochemically and biomechanically, has improved greatly. Despite this, the
exact mechanisms to allow the lens to remain elastic to allow for the shape change that occurs
during accommodation, or an ability to slow the aging and growth of the lens, are unclear. Using
mouse models with various mutations producing a number of interesting lens phenotypes related
to lens size and stiffness'™ 2, it is now possible to better understand the molecular mechanisms
behind control of lens growth, cataract formation, and control of lens elasticity. By better



understanding the interaction of lens proteins with the cytoskeleton, we can gain a better
appreciation for potential treatments to delay or entirely prevent the pathways that inevitably
cause presbyopia in all humans.

1.2 Mammalian Lens Anatomy

The lens is an organ located just behind the iris of the eye and must remain completely
transparent throughout its lifetime in order to function'®. The job of the lens is to focus light
directly onto the retina to produce a clear image. The lens is surrounded by an elastic capsule and
made of only two cell types: a monolayer of lens epithelial cells just on the anterior surface, and
the remaining bulk of the lens which consists of elongated lens fiber cells, going from the
anterior to posterior lens poles™*® (Figure 1.1). During lens development, the lens consists of a
simple spherical monolayer of epithelial cells. The epithelial cells on the anterior side of this
sphere remain epithelial cells throughout the lifetime of the lens and continue to proliferate as
such, while those epithelial cells on the posterior surface of this early lens vesicle elongate to fill
the lumen in the center of the sphere, becoming the primary lens fiber cells. After this stage, the
lens continues to grow in size, relying on proliferation, elongation, and differentiation of lens
epithelial cells near the lens equator, becoming secondary lens fiber cells*®%. These secondary
lens fiber cells form additional layers surrounding previous lens fiber cells, increasing the size of
the lens gradually with age (Figure 1.2). Later during fiber cell differentiation, the inner fibers
initiate breakdown of all cytoplasmic organelles and nuclei in order to minimize light scattering,
maintaining lens transparency”>. The exact process by which secondary fiber cell
differentiation is controlled and organized is still unclear.
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Figure 1.1. Overview of lens structure, with regions of interest highlighted. Light blue: Central
Epithelium, once the lens is fully developed, epithelial cells here no longer proliferate. Orange:
Germitive Zone, the region slightly above the lens equator where lens epithelial cells continue to
proliferate. This zone of proliferating epithelial cells is responsible for the continued growth of
the lens via additional layers of secondary lens fiber cells. Green: the region where proliferating
epithelial cells from the Germitive Zone begin to elongate and differentiate into lens fiber cells.
All internal organelles are eventually removed, including the nucleus. Dark red: Epithelial-
Fiber Interface, the interface between the epithelial cells and the lens fiber cells. Elongating lens
fiber cells crawl along the lens epithelial cells until they form a suture at both the anterior and
posterior poles of the lens. Panels at right: overview of cell shape and morphology in each layer
described above. Modified figure from Catherine Cheng.
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Figure 1.2. Overview of lens development. A. Lens vesicle consists of single layer sphere of
lens epithelial cells. B. Epithelial cells on posterior portion of lens vesicle start to elongate to fill
lumen and become primary fiber cells. C. Primary lens fibers completely fill lens vesicle while
epithelial cells on anterior portion maintain epithelial function. D. Fully developed lens clearly
showing primary fiber cells surrounded by layers of secondary fiber cells. Epithelial cells near
the lens equator proliferate and add more layers of secondary fiber cells, increasing the size of
the lens throughout our lifetime. Modified from Gilbert, 1994.



1.3 Accommodation

The process of accommodation occurs through contraction of the ciliary muscles surrounding the
lens. These ciliary muscles are connected to the lens via elastic zonular fibers, which are
responsible for transmitting forces to the lens. The classic theory of accommodation proposed by
Helmholtz® states that while the eye is at rest, the ciliary muscles are relaxed and the lens is
focused for distance. When the eye needs to focus on a nearby object, the ciliary muscles
contract, resulting in a movement of the muscle mass forward and towards the center of the
lens®. This results in a release of the resting tension of the zonular fibers, causing the elastic lens
capsule to reshape the lens, becoming more spherical (Figure 1.3). The lens surface becomes
sharper and increases in axial thickness, resulting in the necessary increase in optical power to
focus on nearby objects?’. When the ciliary muscles relax again, in the case of focusing on a far
away object, this causes the zonular fibers to once again exert a resting tension on the lens,
reshaping it. The fibers tug at several attachment points along the equator of the lens, effectively
increasing its diameter and flattening its anterior and posterior surfaces. It is hypothesized that
the major determining factor in losing this ability to change the shape of the lens is the age-
related stiffening of the lens®®, but defects in any one component described above can lead to a
loss in accommodation potential.

1.4 Cataracts

Cataracts are opacifications in the lens and are often categorized depending on the age, degree,
and location of the cataract. Anterior and posterior cataracts occur at either the anterior or
posterior poles of the lens, respectively. Nuclear cataracts occur within the nuclear center of the
lens, while lamellar cataracts occur in specific layers. It is believed that presbyopia may be an
early precursor of age-related nuclear cataract’>*°. Finally, cortical cataracts refer to any
opacifications that occur in the lens periphery, or cortex.

Many different factors can lead to the onset of cataracts, including genetics,
inflammation, accumulation of free radicals or other forms of cell damage, and defects in
metabolite or nutrition distribution®'. Mutations in any of several key lens proteins can cause
congenital cataracts, or increase the chances of cataract forming in the aging lens®*”. Repeated
inflammation of ocular tissues can cause immune cells to enter the eye and release enzymes or
hydrogen peroxide, leading to damage of lens cell membranes®. Exposure to ultraviolet light can
ultimately lead to damaged lens proteins, resulting in protein aggregation or degradation, and
age-related cataracts®*. Antioxidants, particularly glutathione, are abundant throughout the lens
in order to protect against such oxidative and free radical damage®. Unfortunately, glutathione is
either unable to diffuse into the aging lens nucleus, or there is simple a lower concentration with
age™. Deficiencies in nutrition®"*®, in the case of diseases like diabetes®® *3, can also increase the
likelihood of cataract.
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Figure 1.3. Schematic representation of lens geometry at rest and during accommodation.
Modified from Crawford et al., 1990*.



1.5 Connexins and Gap Junction Communication

The crystalline lens needs to maintain transparency in order to function, transmitting and
focusing light without scattering. The lens therefore needs to maintain proper homeostasis and
distribution of lens crystallins to achieve optimal solubility and avoid protein aggregation®>“.
An extensive network of gap junction channels exists between lens cells to achieve this balance
and allow for transport of many small molecules such as ions, water, and metabolites*".

Connexin proteins form these gap junction channels between lens cells, creating an
extensive coupling network to allow small molecules (<1200Da) to flow freely from cell to cell
490 gpecific networks are formed between lens epithelial-epithelial, epithelial-fiber, and fiber-
fiber cells. The lens expresses three forms of connexin proteins, a8 (Cx50), a3 (Cx46), and al
(Cx43)*L. Connexin o8 is expressed in differentiated fibers and lens epithelial cells®®, connexin
a3 is highly expressed during lens fiber cell differentiation, while connexin al is only expressed
in low levels in epithelial cells and not at all in lens fibers.

1.6 Lens Crystallins

Crystallin proteins make up 90% of all lens proteins and consist of a, , and vy classes, each with
their own subgroups and subunits®. The defining characteristics of the lens that must always be
maintained are that 1. it needs to be transparent to allow transmission of light through its center,
and 2. it needs to keep an appropriately high refractive index to focus that light onto the retina
accurately®. Extremely high concentrations of these lens proteins, and other small molecules,
need to be maintained in an organized fashion to create the necessary high refractive index and
resulting transparency™. This delicate balance can be disturbed during the aging process, and
during formation of cataract, leading to changes in how these lens proteins interact with each
other and with the fiber cell cytoskeleton®**>°°. High molecular weight aggregates may form,
resulting in scattering of light and opacification of the lens® . Several of the mechanisms in
charge of maintaining and controlling this delicate balance of high protein concentration among
the crystallin and non-crystallin proteins of the lens remain unclear. Many of the events that
ultimately lead to aggregation of these proteins also remains unknown, either from a breakdown
in how these lens proteins interact among each other, or from external environmental factors, or
a buildup of oxidative damage over time.

1.7 a-Crystallins

Alpha-crystallins consist of two subunits, aA- and aB-crystallin subunits, and make up nearly
30% of all lens proteins®. Alpha-crystallins exist within the lens naturally as polydispersed
heteromeric aggregates, making their structure difficult to isolate and study®. The aA-crystallin
subunit is encoded by the CryaA gene in mice on chromosome 17, but on human chromosome
21. The aB-crystallin subunit is encoded by the CryaB gene on mouse chromosome 9, but on
chromosome 11 in humans. The aA-crystallin subunit is a 173 amino acid residue polypeptide
while aB-crystallin is 175 amino acids long. Both subunits share about 60% amino acid sequence
identity®®. The molar ratio of ¢A to aB subunits also changes depending on location within the
lens, ranging from 1:3 in the germinative epithelium all the way to 3:1 in differentiating
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elongating fibers. The aB subunit can be found in various other non-ocular tissues such as the
heart, brain, lungs, skin, and skeletal muscle, while the oA subunit is only found in small
concentrations in the thymus, retina, and spleen.

1.8 Lens Cytoskeleton

The lens is a highly organized structure evidenced by its highly elongated and perfectly aligned
lens fiber cells. These stacked fiber cells exhibit hexagonal packing in cross section, a property
required for optical clarity'®**®*®* Precise organization of several cytoskeletal elements is
necessary to achieve this level of cellular arrangement, and error in this organization can affect
both lens transparency and overall stiffness. Indeed previous studies with mice that have had the
lens-specific intermediate filament CP49 knocked out have shown that the stiffness of the whole
lens decreases as compared to wilt-type mice®. Other studies have shown that cytoskeletal
remodeling proteins such as tropomodulin and periaxin also have an effect on fiber cell
organization and whole lens stiffness®’. For instance, Tmod1 is important for hexagonal packing
of lens fiber cells®® ", and regulating actin in the lens fiber cell maturation process’®. The loss of
CP49 alone does not cause an adverse effect on the packing geometry in the studies by Gokhin et
al., but their measurements did reveal that at higher loads, the CP49 null lenses were softer.
Exactly how these proteins act to orchestrate the intricate assembly of lens fiber cells remains
unknown.
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2.1 Introduction

The most significant change that leads to presbyopia is the progressive stiffening of the lens with
increasing age' . An understanding of the ways in which human lenses grow stiffer could
potentially provide ways to delay or prevent the onset of presbyopia and allow the lens to
continue to change shape later in life®’.

Several changes could lead to the increase in stiffness of the aging lens®. For instance, the
lens continues to grow in size by adding additional layers of lens fiber cells to the outside bulk of
the lens®. A lack of protein renewal in the inner layers of the lens results in an accumulation of
several post-translational modifications as well as increasing oxidative damage and cross-linking
of lens proteins throughout our lifetime®. Therefore, the transparency of the lens decreases as the
lens grows older, potentially leading to age-related cataract, a visible opacity in the lens that can
cause vision loss if on the visual axis™.

In addition, proteins required for proper organization of lens fiber cells have also been
shown to affect lens stiffness. For instance, Tropomodulinl is an actin capping protein required
for the hexagonal geometry of the lens fiber cells'®**. Loss of Tmod1 in mice results in a
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decrease in load-bearing ability™. Similar results were obtained upon loss of the lens-specific
beaded filament CP49'°. This study aims to investigate how interaction between lens proteins,
cell cytoskeleton, and cell membrane affects bulk lens stiffness, as well as changes to the fiber
cell architecture during compression, through the use of several mouse strains and lens mutants.

Although mice lack fully developed ciliary muscles and mouse lenses do not
accommodate like the primate lens, mouse lenses have similar cellular architecture for lens
stiffness and transparency that can be measured in vitro*>'". Mice are readily available, relatively
inexpensive, age rapidly, and a vast variety of genetic backgrounds are available for testing.
Recent studies also indicate that mouse lens stiffness is affected by age and various genetic
backgrounds of mouse strains and gene mutations’*°.

Various methods have been used to measure stiffness in human lenses, such as
penetration using a conical probe®, squeezing by an actuator”*?, stacking several static weights
on top of the lens'®, and spinning of lenses?® 2. Here, a highly adjustable muscle lever device is
used to measure stiffness of lenses from mice of several different age groups and genetic
backgrounds. This device can provide an accurate measure of force and displacement exerted
onto the lens, and from those measurements stiffness values can be calculated.
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2.2 Methods

Mice

This study followed the ARVO Statement for the Use of Animals in Ophthalmic and Vision
Research and an ACUC approved animal protocol (UC Berkeley). Animals were housed with
free access to food and water, with a 12:12 h light:dark cycle, and sacrificed by CO, inhalation
followed by cervical dislocation. All efforts were made to minimize animal suffering.

The mouse strains used in this study were: wild-type C57BL/6J (CP49(B6/B6)
294(B6/B6) Gja3+/+), wild-type 129-SvJae (CP49(129/129) 294(129/129) Gja3+/+), Gja3
connexin (Cx46 or a3) knockout (Gja3-/-) mutants in both B6 and 129 strain backgrounds
(CP49(B6/B6) 294(B6/B6) Gja3-/- and CP49(129/129) 294(129/129) Gja3-/-), and periaxin
variants in both B6 and 129 strain backgrounds, with both wild-type and knockout mutant Gja3
connexin (CP49(B6/B6) 294(129/129) Gja3+/+, CP49(B6/B6) 294(129/129) Gja3-/-,
CP49(129/129) 294(B6/B6) Gja3+/+, and CP49(129/129) 294(B6/B6) Gja3-/-). MIT 294 is used
as a genomic locus for the periaxin gene. All mice used for muscle lever compression testing
were either 4 weeks or 40+ weeks old. All mice used for fiber cell width analysis were 4 weeks
old.

Lens Images

Images of freshly dissected lenses were collected by using a dissection microscope (MZ16
Leica) with a digital camera. Lenses were dissected in 1X phosphate buffered saline (PBS) at
37°C. For side images, lenses were placed near a 45° right angle mirror.

Biomechanical Compression Testing Using Muscle Lever

Mouse lenses used for muscle lever experiments were extracted from sacrificed animals and
imaged from the top and side immediately after dissection, as above. Lenses were then
transferred to individual tubes submerged in warm, clear Dulbecco’s Modified Eagle Medium
(DMEM) while being transported to the muscle lever. Each lens was placed one at a time inside
a clear, plastic chamber filled with warm, clear DMEM during compression testing. A hand
camera was used to record lens compression during the entirety of each trial, and to visually
confirm proper placement of the lens and muscle lever. Mechanical testing was performed by
lowering a hardened clay top-piece attached to a needle connected to the muscle lever onto the
submerged lens sample. The loading regimen used was a triangle wave with a maximum of 2mN
of force, and a period of four minutes; the maximum force value of 2mN was reached after two
minutes, after which the lens was unloaded back to OmN. Force and displacement data were
collected every 0.2 seconds during the testing protocol. The lever was then raised out from the
chamber and the lens was continually recorded up to 3 minutes afterwards. Matlab vR2009b
software was used to access and analyze the data generated by the muscle lever. The average and
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standard deviation of maximum displacement measurements were plotted in Excel. Student’s t-
test was used to determine statistical significance.

Vibratome Sections

Lenses were compressed using a series of coverslips as described previously?. Briefly, freshly
dissected lenses from 4 week old mice were placed in clear, plastic chambers filled with 4%
paraformaldehyde (PFA) in 1X PBS and fixed for 1 hour at room temperature. For each pair of
lenses extracted from each mouse, one lens was fixed uncompressed, while the other was fixed
under static compression using 16 circular glass coverslips with a diameter of 122mm to mimic
the compression experienced during the muscle lever experiments. Dozens of 12mm coverslips
were first weighed using an analytical balance to determine an average coverslip weight. For
consistency, the same set of coverslips was used for each experiment, and 16 coverslips was
calculated to approximately mimic the compression experienced by the lenses during muscle
lever compression. A small piece of plastic measuring approximately 1Imm in height was
positioned with super glue in the corner of each plastic chamber to allow the coverslips to more
directly compress each lens vertically, as opposed to compressing them at an angle. After
fixation, lenses were washed in 1X PBS three times for 10 minutes each.

Fixed lenses were then mounted with super glue onto an aluminum sectioning stand.
Lenses were covered with warm 2.5% agar noble, then submerged in cold 1X PBS at 6-10°C and
sectioned using a Leica VT 1000S microtome with a speed setting of 3 to 4, and frequency
setting of 6 to 7. Lens cross sections between 100-150um in thickness from similar depths (near
the equator of each lens) in different lens samples were collected and post-fixed for 10 minutes
with cold 4% PFA in 1X PBS and then washed in cold 1X PBS three times before staining.

Immunohistochemistry

Fixed and washed lens sections were incubated with Alexa Fluor 488 Phalloidin (Thermo Fisher
Scientific, Inc.) and Rhodamine wheat germ agglutinin (WGA) (Vector Laboratories, Inc.,
Burlingame, CA) for 2 hours 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 1X PBS. Slides
were then washed three times in 1X PBS and mounted with DAPI VectorShield mounting
medium (Vector Laboratories, Inc., Burlingame, CA). Confocal images were collected by a Zeiss
LSM700 confocal microscope. Staining was repeated at least three times, and representative
results are shown.

Fiber cell width analysis

63X confocal images of both uncompressed and compressed lens sections from 4 week old B6
WT mice were analyzed using 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
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final analysis as they artificially overinflated the average fiber cell width. The two cells
neighboring each nucleus-containing cell 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 40um in width and 100um in height was drawn approximately 10um from the
lens surface. A second bounding box with the same dimensions was stacked next to the first,
creating two distinct regions of 10-50um from the lens surface, and 50-90um from the lens
surface. Only fiber cells fully 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.

19



2.3 Results

2.3.1 Characterization of lens genotypes

As expected, B6 wild-type (WT) lenses, CP49(B6/B6) 294(B6/B6) Gja3+/+, and 129 WT lenses,
CP49(129/129) 294(129/129) Gja3+/+, at 4 weeks old were clear, as well as older lenses at 44+
weeks within the same respective strain background (Figure 2.1, first and fifth columns).
Knockout of Gja3 produced a severe nuclear cataract in the pure 129 strain background,
CP49(129/129) 294(129/129) Gja3-/-, but produced only a mild cataract in the B6 strain
background, CP49(B6/B6) 294(B6/B6) Gja3-/-, in both age groups (Figure 2.1, third and seventh
columns). Cataract severity was greatly diminished upon introduction of the B6 variant of
periaxin in 129 Gja3-/- lenses, CP49(129/129) 294(B6/B6) Gja3-/- (Figure 2.1, eight column).
The 129 variant of periaxin also produced a very subtle and mild cataract in B6 Gja3-/- lenses,
CP49(B6/B6) 294(129/129) Gja3-/- (Figure 2.1, fourth column). Periaxin variants with wild-type
Gja3 remained clear (Figure 2.1, second and sixth column).

2.3.2 Muscle lever lens compression

The muscle lever consists of a clay top-piece attached to a controllable lever arm by a thin metal
pin. The position and / or force of the lever arm can be precisely controlled through Matlab
software. Lens samples are 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, as well to confirm correct positioning of the lens and
top-piece (Figure 2.2A). Videos of the entire compression process and up to three minutes after
the removal of the clay top were recorded for each lens sample. Representative still images at
various time points throughout the one such trial were captured from the video files and show the
lens at various stages of compression (Figure 2.2B). The three minute rest period after each
compression trial was found to be enough to visually observe the lens return to its original shape.

Representative displacement and force curves are presented to demonstrate typical data
obtained during muscle lever compression. The force curve (green) follows a triangle wave
starting at OmN, peaking at 2mN after two minutes, and then returning to OmN after two more
minutes. The displacement curve (blue) reaches its peak value at two minutes, coinciding with
the peak in force. This point of maximum displacement is what is used to compare lenses from
each genotype and age group (Figure 2.2C, top). This data was also plotted as Force vs
Displacement to help visualize additional mechanical properties of each compression trial
(Figure 2.2C, bottom).
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a3+/+
B6-prx 129-prx

Young (4 weeks)

Side

Old (44+ weeks)

Figure 2.1. Representative lens images of all lens genotypes used for muscle lever compression.
Both axial and side images of the same representative lens are shown. Young lenses (top two
rows), were defined as exactly 4 weeks old, while Old lenses (bottom two rows) were 44 weeks
or older. All lenses pictured in the left four columns were from the B6 strain background,
CP49(B6/B6), while all lenses pictured in the right four columns were from the 129 strain
background, CP49(129/129). Columns labeled as B6-prx were genotyped at MIT 294 as
294(B6/B6), while those labeled as 129-prx are 294(129/129). Scale bar, Imm.
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Figure 2.2. Muscle lever device setup. (A) Schematic of muscle lever system and placement of
lens sample and camera. (B) Lens images at various time points throughout compression testing:
first panel, 0 min, muscle lever just barely hovering over the lens; second panel, 2 min, muscle
lever is exerting the maximum force, 2mN, and the lens is at its maximum displacement; third
panel, 4 min, the muscle lever is exerting OmN of force and the lens is 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, 1mm. (C)
Representative data generated by muscle lever system, graphed using Microsoft Excel. Top
panel, 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, force (mN) vs displacement (um). This
particular data set was taken from a B6 WT 4 week old lens.
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2.3.3 Stiffness differences between young and old lenses of different genetic backgrounds

A decrease in average maximum displacement is assumed in this study to be indicative of an
increase in lens stiffness. Old lenses (40+ weeks) in both the B6 and 129 background strains
appear stiffer because of their significant decrease in maximum displacement, as compared to
young lenses (4 weeks) from the same genotype. Young B6 WT lenses averaged a maximum
displacement of 328.5um £ 18.9um, n=9 lenses, while old B6 WT lenses only averaged
179.8um £ 17.2um, n=12. The same trend was seen in young and old lenses in the 129 strain
background, with young 129 WT lenses averaging 303.7um £ 20.7um, n=6 and old 129 WT
lenses averaging only 242.2um + 31.4um, n=12 (Figure 2.3A, darker bars).

Knockout of connexin Gja3 appeared to stiffen lenses in almost all cases. Young B6
Gja3-/- lenses averaged only 251.9um + 39.2um, n=16, significantly lower than their B6 WT
counterparts from above (p<0.0001), while young 129 Gja3-/- averaged only slightly lower than
129 WT at 287.9um = 12.3um, n=8 (not significant). Differences were much more drastic in
older lenses, with old B6 Gja3-/- lenses averaging 128.6pum = 24.1um, n=12, significantly lower
than from old B6 WT mice (p<0.0001), and old 129 Gja3-/- lenses averaging 127.0um *
23.2um, n=7, also significantly lower than their old 129 WT counterparts (p<0.0001) (Figure
2.3A, each pair of dark and light bars).

2.3.4 Stiffness differences between different genetic backgrounds and periaxin variants

The specific variant of periaxin present appears to have an effect on the average maximum
displacement. Young CP49(B6/B6) 294(129/129) Gja+/+ lenses averaging 288.9um = 16.5um,
n=16 did not appear significantly different than young Gja3-/- lenses of the same strain and
periaxin variant, which averaged slightly lower at 273.5um + 31.5um, n=15 (Figure 2.3B, first
pair of bars). This indicates that the 129 variant of periaxin acts to stiffen the lens because
previously these two groups of young lenses from the B6 strain background but with the B6
periaxin variant were significantly distinguishable from each other, with young CP49(B6/B6)
294(B6/B6) Gja+/+ lenses averaging a much higher average maximum displacement.

Interestingly, young CP49(129/129) 294(B6/B6) Gja+/+ lenses averaged 362.9um +
18.5um, n=>5, appearing significantly softer when compared with their corresponding Gja3-/-
lenses of the same strain and periaxin variant, averaging 300.0um % 8.5um, n=10 (p<0.001)
(Figure 2.3B, second pair of bars). This led to the conclusion that the B6 variant of periaxin
somehow acts to soften the lens because previously lenses from the 129 background with the 129
periaxin variant showed no significant difference between Gja3+/+ and Gja3-/-.

23



Al = B[ _ & ns ;
g 400 g 400 —
=. 375 * NS sk * = 375
- -’
‘E 350 ‘E 350
@ 325 QL 325
g 300 g 300
S 275 2 215
2. 250 = 250
é 225 é 225
gﬁ 2(__}4? "5’5 20(.)
E l_ﬁ : l\
) 150 5 150
= 125 = 125
< 100 :l :l - 100
Young Young Old old Young Young
CP49(B6/B6) CP49(129/129) CP49(B6/B6) CP49(129/129) CP49(B6/B6) CP49(129/129)
294(B6/B6) 294(129/129) 294(B6/B6) 294(129/129) 294(129/129) 294(B6/B6)
Bo3WT Oa3 KO Ho3 WT O3 KO

Figure 2.3. Average displacement +/- standard deviation of muscle lever at 2mN of applied
force. (A) Comparison between young and old lenses of different genetic backgrounds and Gja3
knockout. (B) Comparison between different genetic backgrounds and periaxin variants. * =
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2.3.5 Examining lens fiber cell architecture 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 compression of the lens. To mimic compression of the lens during
muscle lever experiments, 16 glass coverslips with a diameter of 12mm were used to statically
compress the lens during fixation using 4% paraformaldehyde (PFA) (Figure 2.4A). After 1
hour, coverslips were removed and compressed lenses retained their compressed shape (data not
shown).

Representative 63X images from both uncompressed and compressed lenses, with
bounding boxes used for ImageJ analysis outlined, are shown in Figure 2.4B. Two distinct
regions were chosen to determine any potential shape changes that might be occurring during
compression, approximately 10-50um and 50-90um from the lens surface. 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 considered. Only individual
fiber cell width measurements fully within each bounding box were counted and averaged for
final analysis.

Two distinct shape changes appeared to occur within these two chosen regions. First,
within the 10-50um region, fiber cells in the uncompressed state averaged a width of 1.785um +
0.403um, n=429 individual cell measurements across 3 lenses, while those in the compressed
state averaged only 1.419um £ 0.301pum, n=493/ 3 lenses, significantly thinner (p<0.001)
(Figure 2.4C, first pair of bars). This indicated that near the very periphery of the lens, fiber cells
appear to be stretched along their long axis during compression. Interestingly, the opposite trend
was observed in the deeper 50-90um region, with uncompressed fiber cells averaging 2.178um +
0.519um, n=342 / 3 lenses and compressed fibers averaging slightly wider at 2.329um +
0.494um, n=257 / 3 lenses. The average of the compressed fibers in this deeper region was found
to be significantly wider than uncompressed fibers from the same region (p<0.001) (Figure 2.4C,
second pair of bars), despite the absolute difference being quite subtle. This indicated that within
this deeper region fiber cells were being stretched along their short axis during compression,
taking on a more square-like cross-section

25



A Uncompressed Compressed B Uncompressed Compressed

Original

Outlined

10-50{im | 50-90jim 10-50um | *50-90um

30 ! =
28
A:6 B
£
=224 F
-
= 22
h—
o= 20 |
E 1.8
D 16 |
&)
w 14 |
5}
= 12 F l
- p—
= 1.0
o
Los t
S 06 f
»
< 04 |
02
0.0

10-50pm 50-90pum

® Uncompressed 0O Compressed

Figure 2.4. Representative images and analysis from coverslip-compressed, fixed lenses. (A)
Side images of lens compression procedure using multiple coverslips. Left Panel: Uncompressed
lens before application of coverslips, Right Panel: 16 coverslips are used to compress the lens
while submerged in 4% PFA. Scale bar, Lmm. (B) Representative 63X images from 4 week old
B6 WT lenses from Vibratome-cut lens sections in cross section. All sections were stained for
DNA (DAPI, blue), Actin (phalloidin, green), and WGA (rhodamine, red). The top row displays
the original 63X images, while the bottom row displays the 40um-wide bins used to analyze the
measured fiber cell widths. Scale bar, 10um. (C) Graph summarizing the average fiber cell width
measured within each 40um-wide region between uncompressed and compressed lenses. * =
p<0.001, Student’s t-test.
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2.4 Discussion

This is the first time a modified muscle lever system was used to compare whole lens stiffness
between lenses of different background, age, and genotype. We describe a system that is able to
accurately record force and displacement data within a reasonable range for what might be
experienced by a mouse lens. Several studies have linked an increase in lens stiffness with
increasing age>’*>?L. This increase in lens stiffness is greater in the lens nucleus; the lens
nucleus is initially softer than the surrounding cortex until about the age of 40, after which the
lens nucleus is stiffer™-**. Our measurements were 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. Indeed with all samples measured we observed a return to the initial shape of the lens
after removing the muscle lever clay top for three minutes, indicating that damage to the lens
should be minimal.

We expected that a disruption of the lens fiber cell cytoskeleton would be reflected in the
stiffness of the whole lens. Indeed previous studies with mice that have had the lens-specific
intermediate filament CP49 knocked out have shown that the stiffness of the whole lens
decreases as compared to wilt-type mice’®. But the instruments used in that study were not as
sensitive as the equipment used in this study, and may not have accurately measured the changes
in stiffness between the two groups. In our study, the 129 background strain of mice also does
not express CP49, but we found very little difference between 4 week old lenses, and actually the
129 lenses were a little stiffer. In older lenses though the difference in stiffness was much more
prominent, and was actually reversed, resulting in older 129 lenses being much softer than their
B6 counterparts.

Previous studies have shown that cytoskeletal remodeling proteins such as tropomodulin
and periaxin do have an effect on whole lens stiffness'®. For instance, Tmod1 is important for
hexagonal packing of lens fiber cells, and it is plausible to believe that disruption of this intricate
packing could have an effect on the stiffness of the whole lens'?**. The loss of CP49 alone does
not cause an adverse effect on the packing geometry in the studies by Gokhin et al., but their
measurements did reveal that at higher loads, the CP49 null lenses were softer. Our
measurements use a dynamic loading regime whereas the studies by Gokhin used quasistatic
procedures, with wait periods allowing for stress relaxation. This means that our measurements
inherently contain a viscous component, which could account for the differences in CP49 null
lens stiffness measurements.

In addition this work examined the cell structural changes that occurred during lens
compression, mimicking the process of accommodation in mouse lenses, despite mouse lenses
being unable to accommodate. We observed distinct shape changes near the surface of the lens
corresponding to likely two regions of force distribution. The first region we defined as 10-50um
from the lens surface exhibited cells stretched along their long axis, while the second region in
an area 50-90um from the lens surface contained cells which appeared to be stretched along their
short axis, resulting in a slightly wider cell (Figure 2.5). In preliminary trials, these fiber cell
shape changes were found to be much more drastic in older lenses of 7 to 10 weeks of age,
resulting in an almost square-like shape in deeper fibers. This indicates a system of force
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distribution within the lens exists to allow for the bulk shape change of the lens that occurs
during accommodation. This network, as was shown with the data presented above, can be
perturbed either through disruptions in the cell to cell connections, as in the a3 connexin
knockout lenses, or through differences in cytoskeletal arrangement, as in the differing variants
of periaxin present in the B6 vs the 129 strain background. Further studies into exactly how these
forces are distributed within the lens, and how certain lens proteins affect this distribution, will
help us to reveal potential lens elasticity regulation mechanisms.
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3.1 Introduction

Several aA-crystallin point mutations were previously generated in the lab that produce a variety
of interesting lens phenotypes’. Specifically, three point mutations examined in this work are: B6
aA(Y118D/ Y118D) (B6 L1N), B6 aA(R54C/R54C) (B6 NM3365), and B6 aA(R54H/R54H)
(B6 Lop18) (Figure 3.1). The point mutation Y118D occurs within the a-crystallin domain of the
a-crystallin protein, while R54C and R54H occur outside this region. L1N lenses produce a mild
nuclear cataract but exhibit an interesting growth defect. They grow at a similar rate as normal
wild-type lenses, but after several weeks stop growing altogether. NM3365 lenses produce a
severe nuclear cataract and lenses overall suffer from extensive morphological defects. Lop18
lenses remain mostly intact but exhibit a severe nuclear cataract (Figure 3.2).

It is known that aA-crystallin can interact with several different cytoskeletal elements to
maintain the structure of the lens fiber cells*®. Indeed in addition to their roles as molecular
chaperones and preventing aggregation of proteins to maintain transparency’, a-crystallins are
also considered structural proteins and organize in a very specific fashion within lens fiber
cells®®. How these interactions change when aA-crystallin is mutated is unclear, as the exact
structure of a-crystallin is as of yet unknown®*2. Despite this, the aA-crystallin mutant lenses
described above each produce a very distinct lens phenotype. This work determines to
investigate the altered interaction between these aA-crystallin mutants, wild-type aB-crystallin,
which usually associates with its aA subunit, and cytoskeletal proteins in cultured lens epithelial
cells to elucidate part of the molecular basis for these lens phenotypes.
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3.2 Methods

Mice

This study followed the ARVO Statement for the Use of Animals in Ophthalmic and Vision
Research and an ACUC approved animal protocol (UC Berkeley). Animals were housed with
free access to food and water, with a 12:12 h light:dark cycle, and sacrificed by CO, inhalation
followed by cervical dislocation. All efforts were made to minimize animal suffering.

The mouse strains used in this study were: wild-type C57BL/6J (B6 WT), B6
aA(Y118D/ Y118D) (B6 L1N), B6 a A(R54C/R54C) (B6 NM3365), B6 aA(R54H/R54H) (B6
Lop18), B6 aA-/-, and B6 aB-/-. Mice used for cell harvest ranged from 3 weeks to 3 months of
age.

The generation of mutant aA(Y118D/Y 118D) mice was previously described, and aA(-/-)
aB(-/-) double knockout mice were a generous gift from Dr. Eric Wawrousek at the National Eye
Institute™*>!*. AlphaA(-/-) mice, used for breeding with aA(Y118D/Y118D) mice, were
generated by intercrossing o A(+/-) aB(+/-) mice, which were produced by mating aA(-/-) aB(-/-)
mice with WT mice in the C57BL/6]J strain background. The genotyping PCR methods for aA
and aB knockout mice were provided by Dr. Wawrousek.

GFP-positive (GFP+) transgenic WT mice, under the chicken B-actin promoter, were
generated as previously described™. The PCR genotyping method can only distinguish the o.A-
Y 118D point mutant allele from aA knockout allele but not from the wild-type aA allele. Thus,
we first generated GFP+ aA(-/-) mice by breeding GFP+ WT mice with aA(-/-) mice. Next,
GFP+ aA(-/-) were crossed with o A(Y118D/Y 118D) mutant mice to generate GFP+
aA(Y118D/-) mice. The GFP+ aA(Y118D/-) mice were then mated with aA(Y118D/Y118D)
mice to generate GFP+ aA(Y118D/Y118D) homozygous knockout mice that were screened
using a UV lamp and genotyped. GFP+ WT and mutant mice with one copy of the GFP
transgene were maintained for this study.

Lens Images and Weight Measurement

Images of freshly dissected lenses were collected by using a dissection microscope (MZ16
Leica) with a digital camera. To avoid cold cataracts, lenses from mice younger than postnatal
day 21 (P21) were imaged in PBS at 37°C. Wet lens weight was determined by weighing at least
6 lenses from 3 different mice of each genotype at each age. The average and standard deviation
were plotted in Excel.

Fiber Cell Evaluation in GFP Lenses

GFP distribution in living lenses was evaluated using a Zeiss LSM700 confocal microscopy as
previously described*®'”. Briefly, fresh intact GFP+ lenses were dissected out of the whole eye in
DMEM without phenol red immediately before imaging. Live lenses were maintained in DMEM

33



for imaging. Z-stack images of the lens equator were collected with 1um z-steps. ZEN 2010
software was used to analyze equatorial epithelial and fiber cells and to create three-dimensional
reconstructions and two-dimensional projections.

BrdU Labeling

P7 and P21 WT and mutant mice (three mice at each age of each genotype) were injected
intraperitoneally with 100pg/g body weight of 5'-bromo-2'-deoxyuridine (BrdU; Sigma-Aldrich,
St. Louis, MO). Injected pups were returned to their mothers for 24 hours before euthanization.
Lens cryosections for immunohistochemical staining were prepared as described above. BrdU
incorporation was immunolabeled with a BrdU antibody (Roche, Palo Alto, CA) according to the
manufacturer’s instructions, except the methanol fixation step. Sections were labeled with an
anti-mouse FITC-labeled secondary antibody (Jackson ImmunoResearch) followed by
incubation in 1pg/mL DAPI (Anaspec, San Jose, CA) in PBS for 15 minutes at 37°C. Images
were collected by a fluorescence microscope (Axiovert 200; Zeiss) and analyzed as previously
described™®. Briefly, BrdU-positive and unlabeled (counterstained with DAPI) nuclei were
counted in three serial 10pm sections from the anterior hemisphere of each lens. The mitotic
index was calculated for each section, and data was collected from six lenses at each time point
for each genotype. The average and standard deviation of the mitotic index was plotted in Excel,
and the Student's t-test was used for statistical analysis. P values <0.001 were considered
significant.

Primary Lens Cell Culture

Lenses were immediately dissected from enucleated eyeballs of euthanized mice. After carefully
removing surrounding tissue, lenses were incubated in 0.05% trypsin-EDTA (Gibco, cat#:
25300-054) at 37 °C for 10 min to further remove any non-lens cells and then transferred to a
new clean dissection tray. Lens capsules were peeled off by forceps and transferred into 100 pl
of dispase per pair of lenses (2 U/ml, Sigma, cat#: D4693) in Advanced DMEM-F12 medium
(Gibco, cat#: 12634-010). After 5 min of dispase treatment, 100 pl of 10X TrypLE (Gibco, cat#:
A12177-02) was added. After 10 min, the cell suspension was transferred to a new sterile tube
and spun down at 1000 rpm for 4 min. The cell pellet was resuspended in culture medium and
seeded into culture dishes. The basal culture medium, used simply for dissection of the lens as
above, was Advanced DMEM/F12, supplemented with 1X Penicillin-Streptomycin (Gibco, cat#:
15140-122), 1X GlutaMax (Gibco, cat#: 35050-061), 2% Fetal Bovine Serum (FBS, Gibco, cat#:
26140-079), and 1X B-27 (Gibco, cat#: 17504-044). All cells were grown in a culture medium
consisting of basal medium further supplemented with 5 uM SB431542 (SB, Stemgent, cat#: 04-
0010-10). SB431542 was dissolved in DMSO to make stock solutions.

Immunostaining

Cultured mouse LECs after one week of culture were fixed in 4% paraformaldehyde (PFA) in
Phosphate Buffered Saline (PBS) for 15 min and then washed with PBS 3x, blocked with 5%
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normal goat serum in 0.3% Triton-X100 for one hour, and were incubated with specific primary
antibodies diluted in blocking buffer overnight at 4 °C. The primary antibodies included mouse
monoclonal anti-a-tubulin (Sigma-Aldrich, St. Louis, MO), rabbit polyclonal anti-aA-crystallin
and anti-aB-crystallin (generously provided by Dr. Joseph Horwitz, University of California at
Los Angeles). After incubation with primary antibodies, the cells were washed with PBS and
incubated in appropriate secondary antibodies (Jackson ImmunoResearch Laboratories, West
Grove, PA) and phalloidin-rhodamine (Life Technologies, Carlsbad, CA) diluted in blocking
buffer for two hours. The cells were then placed in mounting medium containing DAPI (Vector
Laboratories, cat#: H-1200) and imaged by confocal microscopy (Zeiss, LSM700). Staining was
repeated at least three times, and representative results are shown.
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3.3 Results

3.3.1 Characterization of aA-Y118D Mutant Lens Growth Defect

A previously described mutation in the lens structural protein aA-crystallin, aA-Y118D, causes a
unique postnatal lens growth defect in mice (Figure 3.3). Growth of mutant o A-Y 118D lenses
slows during 3 to 5 weeks of age, and stops after 8 weeks (Figure 3.4). The mitotic index of lens
epithelial cells in both wild-type and aA-Y118D lenses appeared comparable at P7, but dropped
in mutant lenses at P21 (Figure 3.5). Imaging of GFP* whole lenses displayed perturbed fiber
cell-cell alignment and aberrant or delayed fiber cell elongation in aA-Y118D mutant lenses
from mice older than three weeks (Figure 3.6). Examining DAPI-stained frozen sections of wild-
type and aA-Y118D mutant lenses revealed DAPI-positive nuclei present in deeper lens fibers at
P7 (Figure 3.7, top panels). In older mutant lenses, inner fiber cells contained even more
fragmented nuclei as compared to wild-type lenses (Figure 3.7, middle and bottom panels).

3.3.2 Aggregation of aA-Crystallin with F-Actin in Lens Epithelial Cells

Primary lens epithelial cells (LECs) were harvested from several normal and mutant mouse
lenses exhibiting unique lens phenotypes: wild-type (WT), aA-Y118D (L1N), aA-R54C
(NM3365), aA-R54H (Lop18), aA-/-, and aB-/-, all in the C57BL/6J (B6) mouse background
strain. Cultured cells at P1 were then labeled for immunofluorescence for aA-crystallin, actin,
and microtubules, and imaged by confocal microscopy. Representative images of cells from each
lens mutant are displayed. Primary LECs were confirmed to express endogenous aA-crystallin.
In B6 WT cells, aA-crystallin was enriched near the leading edge with lamellar F-actin (Figure
3.8, “B6 WT” row). In L1N cells containing aA-Y118D crystallin, mutant aA-crystallin formed
substantial aggregates with F-actin (Figure 3.8, “LIN” row, arrows). Cells from NM3365 lenses
displayed extremely enlarged cell size with an abundance of actin stress fibers. These single cells
would often be several times larger than cells from any other mutant lens. Mutant a A-R54C
crystallin appeared to surround actin stress fibers Figure 3.8, “NM3365” row). Finally, cells
containing aA-R54H mutant crystallin protein appeared to form tube-like structures surrounding
actin fibers (Figure 3.8, “Lop18” row, arrows). As expected, cells from aA-/- lenses displayed a
marked decrease in aA-crystallin staining and were used a negative control (Figure 3.8, “aA-/-”
row). Cells from aB-/- lenses displayed a slight reduction in aA-crystallin staining, but looked
otherwise normal (Figure 3.8, “aB-/-" row).

3.3.3 Aggregation of aB-Crystallin with F-Actin in Lens Epithelial Cells

As above, cultured cells at P1 were then labeled for immunofluorescence for aB-crystallin and
actin, and then imaged by confocal microscopy. Representative images of cells from each lens
mutant are displayed. As expected, primary LECs were confirmed to express endogenous aB-
crystallin, and in a similar staining pattern as aA-crystallin (Figure 3.9, “B6 WT” row). In LIN
cells, it appears that aB-crystallin aggregates to actin in a similar fashion as mutant aA-Y118D
(Figure 3.9, “LIN” row, arrows). This is likely due to aA and aB commonly associating with
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each other in normal lenses. As above, similar cellular morphological changes in the remaining
genotypes were observed (Figure 3.9, “NM3365” and “Lop18” rows), but it appears that aB-
crystallin distribution is not particularly disturbed when mutant aA-crystallin is introduced.

3.3.4 Mutant aA-Crystallin Lacks Association with Microtubules

As above, cultured cells at P1 were then labeled for immunofluorescence for aA-crystallin and
a-tubulin, and then imaged by confocal microscopy. Representative images of cells from each
lens mutant are displayed. It appeared that almost none of the WT or mutant aA-crystallin
proteins co-localized with microtubules in these cultured cells (Figure 3.10). The staining patter
of aA-crystallin appeared similar to Figure 3.8, as expected.
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age (A) and 1-8 weeks of age (B). Mutant lens growth slowed considerably after 3 weeks of age.
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Figure 3.5. Mitotic index of P7 and P21 epithelial cells from wild-type and aA-Y118D lenses.
At P21 the mitotic index of epithelial cells expressing the mutant aA-Y118D protein drops. * =

p<0.001.
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Figure 3.6. Comparing 3D reconstructions of confocal images of wild-type and aA-Y118D
mutant lenses at 7 months in cross section (A), fiber cell packing appears disrupted in fiber cells
expressing the mutant protein. Comparing wild-type and aA-Y118D mutant lenses at 5 weeks in
anterior-posterior orientation (B), fiber cells expressing the mutant protein are unable to elongate
as much as wild-type fiber cells. Scale bar, 50um.
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Figure 3.7. DAPI staining of frozen lens sections in anterior-posterior orientation. In aA-Y118D
mutant lenses, there appears to be delayed denucleation near the lens equator region beginning at
P7, becoming more evident with age. Denucleation patterns in lenses where aA-crystallin was
knocked out were similar to wild-type lenses. Scale bar, 200um.
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Figure 3.8. 63X confocal images of lens epithelial cells stained for aA-crystallin and actin. Scale
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Figure 3.9. 63X confocal images of lens epithelial cells stained for aB-crystallin and actin. Scale
bars, 20um, aA-R54C (NM3365) images at 0.5X scale.
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3.4 Discussion

The growth of the lens has previously been well documented by measuring both lens weight or
lens size in mice'® 2!, Several genetically engineered mouse mutants show a number of lens
growth defects, many starting early in the lens development cycle?* 2. Uniquely, lenses
containing mutant aA-Y 118D crystallin exhibit only mild lens growth inhibition in initial
development, and then sharply decrease in growth rate after 21 days but before 8 weeks of age,
and then stop growing altogether after 8 weeks. Therefore a A-Y118D mutant lenses provide an
opportunity to study not just a slower lens growth, but one that is completely halted after
development of the lens. We have shown that aA-crystallin typically associates with lamellar
actin near the edges of lens epithelial cells. The mutant aA-Y 118D crystallin appears to form
several aggregates with F-actin, while mutant aA-R54C and aA-R54H appear to promote actin
stress fiber formation by potentially binding to actin fiber coating proteins. When examining aB-
crystallin distribution in cells from mutant aA-Y 118D lenses, the aB subunit also appeared to
aggregate in a similar fashion as in the oA images. In our cultured lens epithelial cells it did not
appear that a-tubulin associated strongly with aA-crystallin in any wild-type or mutant lenses.

Mutant 0 A-Y118D lenses might therefore provide a potential method to controlling the
growth of the lens because of this unique growth defect®”?. Studies have revealed that a lack of
protein and nutrient turnover in the core of the lens can lead to presbyopia and age related
cataract. Due to the nature of the lens, with its many layers of elongated fiber cells, proper lens
homeostasis depends on transport of small molecules, ions, and water from surface lens
epithelial cells near the lens periphery inwards to core fiber cells. Because of the necessesity for
the lens to remain completely transparent, these inner fiber cells lack any cellular organelles or
nuclei, making protein turnover impossible?® *2. Increased lens size, as additional secondary
fibers are added to the periphery of the lens, increases the distance which nutrients and other
metabolites need to travel to the lens core, likely disturbing maintenance of proper lens
homeostasis in older lenses®. There are no known methods however to control or delay the
growth of the lens without also affecting early development of the lens. Therefore, discovering
the mechanism behind the delayed growth defect of mutant aA-Y118D lenses may yield new
therapies for halting the growth of the adult lens and preventing certain age-related lens
complications®.
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Chapter 4  Investigations of Connexin Expression in Lens Epithelial Cells Regulated by
TGF-beta and FGF Signaling
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4.3.1 Evaluation of Connexin-50 Expression Control by Low-Dose FGF
using LacZ Staining
4.3.2 Effect of Low-Dose FGF on Connexin-50, -46, & -43 Protein Levels
in Lens Epithelial Cell Culture
4.3.3 Examination of the Effect of Low-Dose FGF on Protein Levels of

Connexin-50
4.4 Discussion

4.5 Acknowledgements

4.1 Introduction

Gap junctions are channels between cells that form gateways for small molecules to pass freely*”
® Connexin subunits make up gap junction channels’°, and most cells use multiple different
types of connexin subunits to create a unique coupling network 2. In the lens there are three
main types of connexin subunits that make up gap junction channels®®: a8 (Cx50), a3 (Cx46)'**®,
and al (Cx43)™. These are each encoded by the Gja8, Gja3, and Gjal genes, respectively. In the
lens, a8 connexin can be found in both lens epithelial and fiber cells, connexin 46 is expressed
primarily in lens fiber cells, and ol connexin is mostly expressed in lens epithelial cells. Proper
expression and formation of gap junction channels is important for maintaining lens transparency
and homeostasis*" 2.

Lenses from mice containing an a8-/- knockout mutation are smaller in size and weight,
only about 60% of the wet lens weight of wild-type lenses??”. Knockout of a8 connexin also
produces a mild nuclear cataract?®® . This decrease in lens size produced by a8-/- mice is
somehow associated with a decrease in epithelial cell proliferation and a delay in the maturation
of lens fiber cells®2. The exact mechanism for how the loss of this particular connexin produces
these smaller lenses is still unresolved. Therefore, work to discover a potential method to control
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the expression of a8 connexin protein might be useful in control of lens growth and size after
development. Many studies have confirmed the importance of fibroblast growth factor (FGF) in
the normal development of the lens®***, with FGF being necessary for initiating epithelial-to-
fiber differentiation, organizing fiber cell elongation and geometry, and inducing lens
differentiation from ectoderm®®. The potential regulation of gap junction proteins for the
purposes of modulating lens growth and size through the FGF pathway is the topic of this study.
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4.2 Methods

Mice

This study followed the ARVO Statement for the Use of Animals in Ophthalmic and Vision
Research and an ACUC approved animal protocol (UC Berkeley). Animals were housed with
free access to food and water, with a 12:12 h light:dark cycle, and sacrificed by CO, inhalation
followed by cervical dislocation. All efforts were made to minimize animal suffering. Lenses of
wild-type C57BL/6J (B6 WT) were used for LEC culture.

Primary Lens Cell Culture

Lenses were immediately dissected from enucleated eyeballs of euthanized mice. After carefully
removing surrounding tissue, lenses were incubated in 0.05% trypsin-EDTA (Gibco, cat#:
25300-054) at 37 °C for 10 min to further remove any non-lens cells and then transferred to a
new clean dissection tray. Lens capsules were peeled off by forceps and transferred into 100 pl
of dispase per pair of lenses (2 U/ml, Sigma, cat#: D4693) in Advanced DMEM-F12 medium
(Gibco, cat#: 12634-010). After 5 min of dispase treatment, 100 pul of 10X TrypLE (Gibco, cat#:
A12177-02) was added. After 10 min, the cell suspension was transferred to a new sterile tube
and spun down at 1000 rpm for 4 min. The cell pellet was resuspended in culture medium and
seeded into culture dishes. The basal culture medium, used simply for dissection of the lens as
above, was Advanced DMEM/F12, supplemented with 1X Penicillin-Streptomycin (Gibco, cat#:
15140-122), 1X GlutaMax (Gibco, cat#: 35050-061), 2% Fetal Bovine Serum (FBS, Gibco, cat#:
26140-079), and 1X B-27 (Gibco, cat#: 17504-044).

To test the effects of SB431542 (Stemgent, cat#: 04-0010-10) and bFGF (Peprotech,
cat#: 100-18B), the basal medium was further supplemented with 5 pM SB431542 (SB), or 5 uM
SB431542 plus 5 ng/ml bFGF (SB+FGF). SB431542 was dissolved in DMSO to make stock
solutions.

To test the effects of MEK1 and MEK?2 inhibition, U0126 (Invivogen, cat#: 109511-58-
2) was also added to the control medium with 5 pM SB431542 plus 20 uM U0126 (SB+U0126),
or 5 uM SB431542 plus 5 ng/ml bFGF plus 20 uM U0126 (SB+U0126). U0126 was dissolved in
DMSO to make stock solutions.

A total of 4 different culture mediums (SB, SB+FGF, SB+U0126, SB+FGF+U0126)
were tested at 37 °C with 5% CO2 and 95% humidity incubation. All cells were resuspended in
either SB or SB+FGF medium immediately after harvest.

LacZ Staining

Cells were washed briefly with 1X phosphate buffered saline (PBS) at 37 °C. Culture plates were
then fixed in 0.5% glutaraldehyde in 1X PBS for 5 minutes. Cells were then washed in cold 1X
PBS three times before incubating in 0.02% NP-40 and 2mM MgCl, in 1X PBS for 20 minutes.
Culture plates were then incubated in LacZ staining solution containing 2mM MgCl,, 5mM
potassium ferricyanide, 5mM potassium ferrocyanide, and 1mg/mL Xgal overnight at 37 °C in a
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humidified chamber. The next day cells were washed three times with 1X PBS and then placed
in mounting medium containing (Vector Laboratories, cat#: H-1200) and imaged by confocal
microscopy (Zeiss, LSM700).

Immunostaining

Cultured mouse LECs after one week of culture were fixed in 4% paraformaldehyde (PFA) in
Phosphate Buffered Saline (PBS) for 15 min and then washed with PBS 3x, blocked with 5%
normal goat serum in 0.3% Triton-X100 for one hour, and were incubated with specific primary
antibodies diluted in blocking buffer overnight at 4 °C. The primary antibodies included
connexin 50 (a8-cx), connexin 46 (a3-cx), connexin 43 (a1-cx), and N-cadherin). After
incubation with primary antibodies, the cells were washed with PBS and incubated in secondary
antibodies (Jackson ImmunoResearch Laboratories) diluted in blocking buffer for one hour. The
cells were then placed in mounting medium containing DAPI (Vector Laboratories, cat#: H-
1200) and imaged by confocal microscopy (Zeiss, LSM700).

Western Blot

After one week of culture, LECs were collected in lysis buffer containing 20 mM Tris (pH
7.5),150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, and protease inhibitor
cocktail (Roche, Cat#: 11 836 153 001). The cell suspension was sonicated for 10 s by a Kontes
microultrasonic cell disrupter, and then centrifuged at 14,000 rpm for 10 min. The supernatant
was used for experiments. Protein concentration was measured by Coomassie assay (Pierce,
cat#:23200). Equal volumes of 2x sample buffer (0.1 M Tris-PO4, pH 6.8, 4% SDS, 8%
Bromophenol blue, 20% Glycerol, 10% 2-mercaptoethanol) was added to the protein solution
and mixed well. All procedures were performed on ice. Equal amounts of protein (10 pg) were
separated by SDSPAGE and transferred to PVDF membranes. The membranes were blocked
with 5% non-fat milk and incubated with antibodies against aA-, aB-, B-crystallin, or -actin
(Sigma, cat#: A5441), at 4 °C overnight. After three 5 min washes in TBST (0.15 M NacCl, 0.05
M Tris, pH 7.4, 0.1% Tween 20) buffer, the membranes were incubated in HRP-conjugated
secondary antibodies for one hour. After three washes with TBST, protein bands were visualized
by an Azure Biosystems c600 imager.
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4.3 Results

4.3.1 Low-dose FGF does not affect connexin-50 at the expression level

We evaluated the effect of low-dose FGF on the expression of connexin-50 (a8-cx) in lens
epithelial cells using LacZ staining. Lens epithelial cells were harvested from B6 a8-/- mice
containing the LacZ gene tied to the a8-cx promoter and grown on several 35mm glass bottom
culture plates. To determine a baseline level of LacZ staining, one set of plates was grown in
regular SB media without FGF. This media is sufficient to grow lens epithelial cells in culture
until confluent, as well as maintain lens epithelial cell qualities. Plates grown in SB+FGF were
used to determine the effect of low-dose FGF (5ng/mL) on a8-cx expression levels, as this
concentration of FGF was shown previously to be sufficient to suppress protein levels of a8-cx.
First, camera images were taken of each plate to simply visually confirm the presence or absence
of LacZ staining (Figure 4.1). LacZ staining in SB plates was weak to medium, but consistent
across all plates, with stronger staining near the center of each plate. Cells grown in SB+FGF
showed similar levels of LacZ staining compared to SB plates. Levels of LacZ staining in
SB+FGF plates were well above negative control plates, which lacked any staining whatsoever.
Each plate was further examined under confocal microscopy using a 20X lens to further examine
the level of LacZ staining (Figure 4.2). Here, several 20X, and some 10X, images were taken
from different regions around the same plate in order to make a more detailed observation about
the distribution of LacZ staining. As expected, the level of staining differed between the regions
near the center of the plate, and near the periphery, but in all cases but the negative control, there
was some level of LacZ expression, meaning low-dose FGF was not sufficient alone to account
for the complete loss of a8-cx protein previously observed in these culture cells.
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Plate #1 Plate #2 Plate #3 Plate #4  Plate #5

Negative

Figure 4.1. Camera images of cell culture plates with LacZ staining of lens epithelial cells. The
plates in the top row were grown in SB media and were used to determine a baseline level of
LacZ staining, with a8-cx presumably being expressed normally (albeit a non-functional
mutant). The plates in the middle row were grown in SB+FGF media, at a concentration of
Sng/mL, which is known to suppress a8-cX at the protein level. Negative control plates were
grown in SB media. Experiment plates contained cells from B6 a8-/- mice containing the LacZ
reporter gene, while negative control plates contained cells from B6 WT mice without the LacZ

gene.
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Figure 4.2. 20X confocal images of lens epithelial cells with LacZ staining from several plates
pictured in Figure 4.1. Each column represents an image taken from separate regions of the same
plate. As in Figure 4.1, cells in images in the top three rows were grown in SB media, while cells
in images in the middle three rows were grown in SB+FGF media, at a concentration of 5ng/mL.
Plates from columns #4 or #5 from Figure 4.1 were not imaged at 20X and were just used for
visual confirmation of LacZ staining. Scale bars, 50um or 100um.
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4.3.2 Effect of Low-Dose FGF on Connexin-50, -46, & -43 Protein Levels in Lens Epithelial Cell
Culture

To test the effects of culture medium on expression of the three major connexins in the lens,
connexin 50 (a8-cx), connexin 46 (a3-cx), and connexin 43 (al-cx), primary lens epithelial cells
were grown in culture, immunostained for each of these proteins, and images examined for
differences in localization or intensity. The effects of both low dose FGF as well as the MEK1
and MEK?2 inhibitor U0126, and their potential interaction, were tested by growing cells a total
of six different culture conditions. For each condition, cells were grown in an initial culture
medium for one to two weeks to allow for expansion, and then switched to a different culture
medium for 48 hours before fixation. The six culture mediums tested were: 1. SB only, 2. SB
initially, then SB+FGF for 48 hours, 3. SB initially, then SB+U0126 for 48 hours, 4. SB initially,
then SB+FGF+U0126 for 48 hours, 5. SB+FGF initially, then SB+FGF+U0126 for 48 hours, and
6. SB+FGF only.

When examining connexin 50 immunostaining in our cultured lens epithelial cells, we
confirmed that supplementation with SB but without FGF maintains expression of connexin 50.
We observed decent to strong expression of connexin 50 in most lens epithelial cells imaged
cultured in condition 1 (SB only) (Figure 4.3). For condition 2, when initially grown in SB but
later incubated for 48 hours in SB+FGF, we observed somewhat weaker connexin 50 staining in
one of four total repeats, but otherwise expression was similar to condition 1 (Figure 4.4). This
means that a 48 hour treatment of FGF after lens epithelial cells are already established has little
to no effect on connexin 50 expression. Next, as expected, for condition 3 we found that the drug
alone had little to effect on connexin 50 expression, with staining patterns similar to control
condition 1 (Figure 4.5). For condition 4, where cells were grown initially in SB but then
incubated with SB+FGF+U0126, the expression pattern of connexin 50 looked mostly similar to
control condition 1, indicating that the drug could be countering the effects of FGF, or that 48
hours isn’t enough to have an appreciable effect (Figure 4.6). For both conditions 5 and 6, where
cells were grown initially in SB+FGF medium, our previous findings were confirmed and almost
no connexin 50 staining was visible in either case (Figures 4.7, 4.8). As for condition 5, this
might also indicate once again that 48 hours might not be a long enough incubation time for the
drug U0126 to reverse the effects of FGF treatment.

We next completed an immunostaining panel by examining the effects of each culture
condition on the other two major connexins found in the lens, connexins 46 and 43. Condition 1
produced decent to strong staining of connexin 46 (Figure 4.9), while condition 2 actually greatly
reduced connexin 46 expression compared to condition 1 (Figure 4.10). This might indicate that
connexin 46 might be more sensitive to FGF treatment compared to connexin 50 because 48
hours appeared to be enough to visually lower its level of staining. Condition 3 produced
somewhat similar connexin 46 staining as control condition 1 (Figure 4.11), but condition 4 was
inconsistent across several repeats (Figure 4.12). This might further confirm that connexin 46
levels are indeed more sensitive to culture medium supplementation. Finally, condition 5
displayed decreased levels of connexin 46 (Figure 4.13), indicating that FGF treatment might
decrease but not completely abolish connexin 46 expression. Immunostaining of connexin 43
produced weak to inconsistent staining in lens epithelial cells across almost all above culture
conditions (Figures 4.14-18). Further experimentation or a more sensitive antibody might be
necessary to further examine the effects of FGF or U0126 treatment on connexin 43.
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4.3.3 Examination of the Effect of Low-Dose FGF on Protein Levels of Connexin-50

In order to examine more precisely the effect of FGF on whole protein levels of connexin-50, we
performed a series of western blot experiments using the various culture conditions described
above. We confirmed that supplementation of SB media with low dose (5ng/mL) FGF was
enough to almost completely suppress connexin-50 protein levels (Figure 4.19, 4.20). We then
collected whole protein samples from primary lens epithelial cells grown in the remaining
culture conditions described above. We initially saw similar results as in Figure 4.6a, with strong
bands of connexin 50 in SB control lanes and reduced levels in SB+FGF lanes, but almost no
other culture condition that we expected produced strong bands (Figure 4.21). Culture conditions
that exhibited similar staining levels as the control SB condition did not show a corresponding
strong band, such as condition 3 (SB+U026). This is despite almost every band producing a
consistent f-actin loading control band. After a second attempt, each lane produced a consistent
B-actin loading control band but once again it was difficult to discern any connexin 50 band in
most culture condition lanes (Figure 4.22). Due to repeat testing and troubleshooting, some
repeat lanes had to be omitted in this second round of western gels.

One possible explanation for the observed inconsistency is that culture plates for protein
sample collection were usually kept in culture long enough to allow for cells to grow more fully
confluent to obtain the maximal amount of whole protein upon protein harvest. We suspect that
because some culture plates were kept in culture longer than two weeks this might have started to
affect their connexin 50 protein levels. Future experiments might need to be further standardized
in order to obtain reliable and meaningful connexin 50 protein readings.
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SB (initial) to SB (48 hours)
N-Cadherin Merge + DAPI

Repeat #3 Repeat #2 Repeat #1

Repeat #4

Figure 4.3. Connexin-50 (green) and N-cadherin (red) staining in lens epithelial cells initially
grown in SB media until confluent, and then continually grown in SB media for 48 hours until
fixation. Scale bar, 20pum.
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SB (initial) to SB+FGF (48 hours)
N-Cadherin

Repeat #3 Repeat #2 Repeat #1

Repeat #4

Figure 4.4. Connexin-50 (green) and N-cadherin (red) staining in lens epithelial cells initially
grown in SB media until confluent, and then continually grown in SB+FGF media for 48 hours
until fixation. Scale bar, 20um.
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SB (initial) to SB+U0126 (48 hours)
N-Cadherin Merge + DAPI

Repeat #3 Repeat #2 Repeat #1

Repeat #4

Figure 4.5. Connexin-50 (green) and N-cadherin (red) staining in lens epithelial cells initially

grown in SB media until confluent, and then continually grown in SB+U0126 media for 48 hours
until fixation. Scale bar, 20um.
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SB (initial) to SB+FGF+U0126 (48 hours)
N-Cadherin Merge + DAPI

Repeat #3 Repeat #2 Repeat #1

Repeat #4

Figure 4.6. Connexin-50 (green) and N-cadherin (red) staining in lens epithelial cells initially
grown in SB media until confluent, and then continually grown in SB+FGF+U0126 media for 48
hours until fixation. Scale bar, 20um.
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SB+FGF (initial) to SB+FGF+U0126 (48 hours)
N-Cadherin Merge + DAPI

Repeat #1

Repeat #3

Repeat #2

Figure 4.7. Connexin-50 (green) and N-cadherin (red) staining in lens epithelial cells initially
grown in SB+FGF media until confluent, and then continually grown in SB+FGF+U0126 media
for 48 hours until fixation. Scale bar, 20pum.



SB+FGF (initial) to SB+FGF (48 hours)
N-Cadherin Merge + DAPI

Repeat #1

Repeat #2

Repeat #3

Figure 4.8. Connexin-50 (green) and N-cadherin (red) staining in lens epithelial cells initially
grown in SB+FGF media until confluent, and then continually grown in SB+FGF media for 48
hours until fixation. Scale bar, 20um.



SB (initial) to SB (48 hours)
N-Cadherin Merge + DAPI

A

Repeat #1

Repeat #2

Repeat #3

Figure 4.9. Connexin-46 (green) and N-cadherin (red) staining in lens epithelial cells initially
grown in SB media until confluent, and then continually grown in SB media for 48 hours until
fixation. Scale bar, 20pum.
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SB (1n1tlal) to SB+FGF (48 hours)
N-Cadherin Merge + DAPI

Repeat #1

Repeat #2

Repeat #3

Figure 4.10. Connexin-46 (green) and N-cadherin (red) staining in lens epithelial cells initially
grown in SB media until confluent, and then continually grown in SB+FGF media for 48 hours
until fixation. Scale bar, 20um.
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SB (initial) to SB+U0126 (48 hours)
' N-Cadherin Merge + DAPI

Repeat #1

Repeat #2

Repeat #3

Figure 4.11. Connexin-46 (green) and N-cadherin (red) staining in lens epithelial cells initially
grown in SB media until confluent, and then continually grown in SB+U0126 media for 48 hours
until fixation. Scale bar, 20um.
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SB (1n1tlal) to SB+FGF+U0126 (48 hours)
N-Cadherin Merge + DAPI

Repeat #1

Repeat #2

Repeat #3

Figure 4.12. Connexin-46 (green) and N-cadherin (red) staining in lens epithelial cells initially
grown in SB media until confluent, and then continually grown in SB+FGF+U0126 media for 48
hours until fixation. Scale bar, 20um.
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SB+FGF (initial) to SB+FGF+U0126 (48 hours)
N-Cadherin Merge + DAPI

Repeat #1

Repeat #2

Repeat #3

Figure 4.13. Connexin-46 (green) and N-cadherin (red) staining in lens epithelial cells initially
grown in SB+FGF media until confluent, and then continually grown in SB+FGF+U0126 media
for 48 hours until fixation. Scale bar, 20um.
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SB (initial) to SB (48 hours)
N-Cadherin Merge + DAPI

Repeat #1

Repeat #3

Repeat #2

Figure 4.14. Connexin-43 (green) and N-cadherin (red) staining in lens epithelial cells initially
grown in SB media until confluent, and then continually grown in SB media for 48 hours until
fixation. Scale bar, 20pum.



SB (initial) to SB+FGF (48 hours)
N-Cadherin Merge + DAPI

Repeat #1

Repeat #2

Repeat #3

Figure 4.15. Connexin-43 (green) and N-cadherin (red) staining in lens epithelial cells initially
grown in SB media until confluent, and then continually grown in SB+FGF media for 48 hours
until fixation. Scale bar, 20um.
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SB (initial) to SB+U0126 (48 hours)
N-Cadherin Merge + DAPI

Repeat #1

Repeat #2

Figure 4.16. Connexin-43 (green) and N-cadherin (red) staining in lens epithelial cells initially
grown in SB media until confluent, and then continually grown in SB+U0126 media for 48 hours
until fixation. Scale bar, 20um.

Repeat #3




SB (initial) to SB+FGF+U0126 (48 hours)
N-Cadherin Merge + DAPI

Repeat #1

Repeat #2

Repeat #3

Figure 4.17. Connexin-43 (green) and N-cadherin (red) staining in lens epithelial cells initially
grown in SB media until confluent, and then continually grown in SB+FGF+U0126 media for 48
hours until fixation. Scale bar, 20um.
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SB+FGF (initial) to SB+FGF+U0126 (48 hours)
N-Cadherin Merge + DAPI

Repeat #2 Repeat #1

Repeat #3

Figure 4.18. Connexin-43 (green) and N-cadherin (red) staining in lens epithelial cells initially

grown in SB+FGF media until confluent, and then continually grown in SB+FGF+U0126 media
for 48 hours until fixation. Scale bar, 20um.
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Figure 4.19. Western blot showing connexin-50 protein levels between SB and SB+FGF culture
conditions. Beta-actin is shown as a loading control.
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Figure 4.20. Relative intensity measurement of bands from Figure 4.6a. Data demonstrates that
treatment with a low dosage of FGF severely reduces connexin-50 protein levels. * = p<0.001.
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Figure 4.21. First repeat of western blot including three samples from all culture conditions.
Lanes labeled “M” was the master lane containing a mix of all three samples from SB+U0126
culture condition and was used to normalize between gels.
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Figure 4.22. Second repeat of western blot including three samples from all culture conditions.
Some conditions only contain one sample as protein ran out. Lanes labeled “M” was the master
lane containing a mix of all three samples from SB+U0126 culture condition and was used to
normalize between gels.
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4.4 Discussion

Using a novel system previously developed in the lab, we confirmed that SB431542 treatment is
enough to maintain and grow mouse lens epithelial cells in culture. This culture system was used
extensively to allow for rapid expansion of culture cells to test multiple different conditions for
immunostaining and western blot.

A combination of SB and FGF was confirmed to have decreased levels of connexin-50,
both after immunostaining, and examining approximate whole protein levels using western blot.
The staining results for connexin-46 showed that FGF might have a similar effect as with
connexin-50, but more testing is required. It appears that FGF might lower but not completely
abolish connexin-46 protein levels, which might provide an interesting avenue of study if simply
lowering connexin levels is desired. The expression of connexin-43 is already low in lens
epithelial cells so it was challenging to determine through immunostaining whether FGF had an
effect.

We found that in almost all cases the supplementation of any culture medium with the
MEK1 and MEK?2 inhibitor U0126 produced little to no effect on the expression patterns of any
of the connexin proteins, or the approximate protein level of connexin-50 via western blot. We
hypothesized initially that a low dosage of FGF might be activating an ERK/MEK pathway that
ultimately leads to the targeted degradation of connexin-50 protein®’. Use of the U0126 molecule
would have blocked activation of MEK1 and MEK2, potentially reversing the effects of low
dose FGF. Because we saw no evidence of this occurring, we now suspect that either another
pathway exists to link FGF with protein degradation, or somehow this system bypasses MEK1
and MEK?2 specifically. Further research is needed to discover the exact mechanisms behind
control of connexin 50 expression. A better understanding of this system might allow for control
of lens growth, allowing for a slower or completely halted growth rate after the lens is fully
developed.

4.5 Acknowledgements

We thank Dr. Dong Wang for development of the cell culture system used in this study and help
with design of experiments. We also thank Dr. Chun-hong Xia for mice generation and
management.

80



10.

11.

12.

References for Chapter 4

Yeager M, Nicholson BJ. Structure of gap junction intercellular channels. Curr Opin
Struct Biol. 1996;6(2):183-192. http://www.ncbi.nlm.nih.gov/pubmed/8728651. Accessed
August 4, 2017.

Fleishman SJ, Unger VM, Yeager M, Ben-Tal N. A Calpha model for the transmembrane
alpha helices of gap junction intercellular channels. Mol Cell. 2004;15(6):879-888.
doi:10.1016/j.molcel.2004.08.016.

Unger VM, Kumar NM, Gilula NB, Yeager M. Three-dimensional structure of a
recombinant gap junction membrane channel. Science. 1999;283(5405):1176-1180.
http://www.ncbi.nlm.nih.gov/pubmed/10024245. Accessed August 4, 2017.

Cheng C, Xia C-H, Li L, White TW, Niimi J, Gong X. Gap junction communication
influences intercellular protein distribution in the lens. Exp Eye Res. 2008;86(6):966-974.
doi:10.1016/j.exer.2008.03.015.

Goodenough DA. The crystalline lens. A system networked by gap junctional intercellular
communication. Semin Cell Biol. 1992;3(1):49-58.
http://www.ncbi.nlm.nih.gov/pubmed/1320431. Accessed July 31, 2017.

Simpson |, Rose B, Loewenstein WR. Size limit of molecules permeating the junctional
membrane channels. Science. 1977;195(4275):294-296.
http://www.ncbi.nlm.nih.gov/pubmed/831276. Accessed August 4, 2017.

Martinez-Wittinghan FJ, Sellitto C, White TW, Mathias RT, Paul D, Goodenough DA.
Lens gap junctional coupling is modulated by connexin identity and the locus of gene
expression. Invest Ophthalmol Vis Sci. 2004;45(10):3629-3637. doi:10.1167/iovs.04-0445.

Gao J, Sun X, Martinez-Wittinghan FJ, Gong X, White TW, Mathias RT. Connections
between connexins, calcium, and cataracts in the lens. J Gen Physiol. 2004;124(4):289-
300. doi:10.1085/jgp.200409121.

White TW, Bruzzone R, Wolfram S, Paul DL, Goodenough DA. Selective interactions
among the multiple connexin proteins expressed in the vertebrate lens: the second
extracellular domain is a determinant of compatibility between connexins. J Cell Biol.
1994;125(4):879-892. http://www.ncbi.nlm.nih.gov/pubmed/8188753. Accessed August
4,2017.

White TW. Unique and redundant connexin contributions to lens development. Science.
2002;295(5553):319-320. doi:10.1126/science.1067582.

Grosely R, Sorgen PL. A History of Gap Junction Structure: Hexagonal Arrays to Atomic
Resolution. Cell Commun Adhes. 2013;20(1-2):11-20.
do0i:10.3109/15419061.2013.775256.

Kumar NM, Gilula NB. The gap junction communication channel. Cell. 1996;84(3):381-

81



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

388. http://www.ncbi.nlm.nih.gov/pubmed/8608591. Accessed August 4, 2017.

Evans WH, Martin PEM. Gap junctions: structure and function (Review). Mol Membr
Biol. 2002;19(2):121-136. doi:10.1080/09687680210139839.

Beyer EC, Kistler J, Paul DL, Goodenough DA. Antisera directed against connexin43
peptides react with a 43-kD protein localized to gap junctions in myocardium and other
tissues. J Cell Biol. 1989;108(2):595-605. http://www.ncbi.nlm.nih.gov/pubmed/2537319.
Accessed August 4, 2017.

Paul DL, Ebihara L, Takemoto LJ, Swenson KI, Goodenough DA. Connexin46, a novel
lens gap junction protein, induces voltage-gated currents in nonjunctional plasma
membrane of Xenopus oocytes. J Cell Biol. 1991;115(4):1077-1089.
http://www.ncbi.nlm.nih.gov/pubmed/1659572. Accessed August 4, 2017.

Mathias RT, White TW, Gong X. Lens Gap Junctions in Growth, Differentiation, and
Homeostasis. Physiol Rev. 2010;90(1):179-206. doi:10.1152/physrev.00034.2009.

Clark JMI, Matsushima H, David LL, Clark JMI. Lens cytoskeleton and transparency: a
model. Eye (Lond). 1999;13 ( Pt 3b(3b):417-424. doi:10.1038/eye.1999.116.

Mittag T. Role of oxygen radicals in ocular inflammation and cellular damage. Exp Eye
Res. 1984;39(6):759-769. http://www.ncbi.nlm.nih.gov/pubmed/6097470. Accessed
August 4, 2017.

Moffat BA, Landman KA, Truscott RIW, Sweeney MHJ, Pope JM. Age-related changes
in the kinetics of water transport in normal human lenses. Exp Eye Res. 1999;69:663-669.
doi:10.1006/exer.1999.0747.

Truscott RJ. Age-related nuclear cataract: a lens transport problem. Ophthalmic Res.
32(5):185-194. doi:55612.

Pau H, Graf P, Sies H. Glutathione levels in human lens: regional distribution in different
forms of cataract. Exp Eye Res. 1990;50(1):17-20.
http://www.ncbi.nlm.nih.gov/pubmed/2307192. Accessed August 4, 2017.

Baldo GJ, Gong X, Martinez-Wittinghan FJ, Kumar NM, Gilula NB, Mathias RT. Gap
junctional coupling in lenses from alpha(8) connexin knockout mice. J Gen Physiol.
2001;118(5):447-456. http://www.ncbi.nlm.nih.gov/pubmed/11696604. Accessed August
4, 2017.

Gong X, Li E, Klier G, et al. Disruption of a3 connexin gene leads to proteolysis and
cataractogenesis in mice. Cell. 1997;91(6):833-843. doi:10.1016/S0092-8674(00)80471-7.

Xia C, Cheng C, Huang Q, et al. Absence of alpha3 (Cx46) and alpha8 (Cx50) connexins
leads to cataracts by affecting lens inner fiber cells. Exp Eye Res. 2006;83(3):688-696.
doi:10.1016/j.exer.2006.03.013.

DeRosa AM, Xia C-H, Gong X, White TW. The cataract-inducing S50P mutation in Cx50
dominantly alters the channel gating of wild-type lens connexins. J Cell Sci. 2007;120(Pt

82



26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

23):4107-4116. doi:10.1242/jcs.012237.

Xia C, Liu H, Chang B, et al. Arginine 54 and Tyrosine 118 residues of {alpha}A-
crystallin are crucial for lens formation and transparency. Invest Ophthalmol Vis Sci.
2006;47(7):3004-3010. doi:10.1167/iovs.06-0178.

Rong P, Wang X, Niesman I, et al. Disruption of Gja8 (alpha8 connexin) in mice leads to
microphthalmia associated with retardation of lens growth and lens fiber maturation.
Development. 2002;129(1):167-174. http://www.ncbi.nlm.nih.gov/pubmed/11782410.
Accessed August 3, 2017.

Chang B, Wang X, Hawes NL, et al. A Gja8 (Cx50) point mutation causes an alteration of
alpha 3 connexin (Cx46) in semi-dominant cataracts of Lop10 mice. Hum Mol Genet.
2002;11(5):507-513. http://www.ncbi.nlm.nih.gov/pubmed/11875045. Accessed August
4,2017.

Dahm R, van Marle J, Prescott AR, Quinlan RA. Gap junctions containing alpha8-
connexin (MP70) in the adult mammalian lens epithelium suggests a re-evaluation of its
role in the lens. Exp Eye Res. 1999;69(1):45-56. doi:10.1006/exer.1999.0670.

Li L, Cheng C, Xia C, White TW, Fletcher DA, Gong X. Connexin mediated cataract
prevention in mice. Lewin A, ed. PLoS One. 2010;5(9):e12624.
doi:10.1371/journal.pone.0012624.

Vanita V, Hennies HC, Singh D, Nirnberg P, Sperling K, Singh JR. A novel mutation in
GJAS associated with autosomal dominant congenital cataract in a family of Indian origin.
Mol Vis. 2006;12:1217-1222. http://www.ncbi.nIm.nih.gov/pubmed/17110920. Accessed
August 4, 2017.

Sellitto C, Li L, White TW. Connexin50 is essential for normal postnatal lens cell
proliferation. Invest Ophthalmol Vis Sci. 2004;45(9):3196-3202. doi:10.1167/iovs.04-
0194.

Boswell BA, Overbeek PA, Musil LS. Essential Role of BMPs in FGF-Induced Secondary
Lens Fiber Differentiation. Dev Biol. 2008;324(2):202-212.
doi:10.1016/j.ydbio.2008.09.003.Essential.

Schulz MW, Chamberlain CG, de longh RU, McAvoy JW. Acidic and basic FGF in
ocular media and lens: implications for lens polarity and growth patterns. Development.
1993;118(1):117-126. http://www.ncbi.nlm.nih.gov/pubmed/7690700. Accessed August
8, 2017.

Lovicu FJJ, McAvoy JWW. Growth factor regulation of lens development. Dev Biol.
2005;280(1):1-14. doi:10.1016/j.ydbio.2005.01.020.

Robinson ML. An essential role for FGF receptor signaling in lens development. Semin
Cell Dev Biol. 2006;17(6):726-740. doi:10.1016/j.semcdb.2006.10.002.

Gong X, Wang X, Han J, Niesman I, Huang Q, Horwitz J. Development of cataractous
macrophthalmia in mice expressing an active MEKL in the lens. Invest Ophthalmol Vis

83



Sci. 2001;42(3):539-548. http://www.ncbi.nlm.nih.gov/pubmed/11222509. Accessed April
30, 2013.

84



Chapter 5 Summary

Our studies indicate that both gap junctions and a-crystallins act on multiple pathways to control
the lens size, growth, and stiffness of the lens. Elucidating the mechanical mechanisms behind
each of these pathways was the focus of this thesis.

Lens Stiffness is Regulated by Gap Junctions and Cytoskeleton Organization

We have shown that several factors can contribute to the softening or stiffening of the
mouse lens using a novel muscle lever system. We compared the bulk stiffness of several mouse
lenses across several age groups and strain backgrounds, discovering along the way that drastic
changes can exist even within two normal mouse strains. The loss of Connexin-46 triggered both
the onset of nuclear cataract, as well as an increase in stiffness across all mouse lenses. In
addition, periaxin was one potential protein that could explain the differences in stiffness we
observed between mouse strains, with the 129 variant stiffening the lens, while the B6 variant
softening the lens. Further studies are needed to determine exactly how Connexin-46 and
periaxin interact with the lens fiber cell architecture to produce these changes in bulk stiffness.

aA-Crystallin Point Mutations Affect Different Types of F-Actin Networks

Using cultured mouse lens epithelial cells from several a-crystallin mutant lenses, we
demonstrated that mutant crystallin protein can have differing effects on the cytoskeleton,
potentially accounting for the lens phenotypes observed. Epithelial cells containing aA-Y118D
mutant protein tended to have aggregates forming on actin fibers, while those containing aA-
R54C and aA-R54H created morphological distortions, and potentially aggregated with actin
binding proteins.

Connexin Expression in Lens Epithelial Cells is Regulated by TGF-beta and FGF Signaling

Utilizing a novel culture medium developed previously in the lab, we were able to culture
and grow primary lens epithelial cells. Low doses of FGF were shown previously to reduce
levels of Connexin-50 in these cells. Work was performed to investigate whether this reduction
acted through an ERK/MEK pathway by the use of a MEK1 and MEK?2 inhibitor molecule,
U0126. This specific drug was unable to alter the effects of low dose FGF, confirming that
another pathway might be responsible for the large reduction in Connexin-50 protein levels.

In summary, the work presented above provides key insights into the mechanisms behind
controlling lens size and growth. Many of the details governing these mechanisms remain
unknown, but we now know that gap junctions and a-crystallins, along with their interactions
with the cell cytoskeleton, act to precisely maintain control over several physical properties of
the lens. Ongoing research into exactly how these key molecules interact with lens fiber cells to
soften the lens, or reduce its size, could help to delay or prevent the onset of presbyopia.
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