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Abstract
The R49C mutation of αA-crystallin (αA-R49C) causes hereditary cataracts in humans; patients in
a four-generation Caucasian family were found be heterozygous for this autosomal dominant
mutation. We previously generated knock-in mouse models of this mutation and found that by 2
months of age, heterozygous mutant mice exhibited minor lens defects including reduced protein
solubility, altered signaling in epithelial and fiber cells, and aberrant interactions between αA-
crystallin and other lens proteins. In contrast, homozygous mutant αA-R49C knock-in mice displayed
earlier and more extensive lens defects including small eyes and small lenses at birth, death of
epithelial and fiber cells, and the formation of posterior, nuclear, and cortical cataracts in the first
month of life. We have extended this study to now show that in αA-R49C homozygous mutant mice,
epithelial cells failed to form normal equatorial bow regions and fiber cells continued to die as the
mice aged, resulting in a complete loss of lenses and overall eye structure in mice older than 4 months.
These results demonstrate that expression of the hereditary R49C mutant of αA-crystallin in vivo is
sufficient to adversely affect lens growth, lens cell morphology, and eye function. The death of fiber
cells caused by this mutation may ultimately lead to loss of retinal integrity and blindness.
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The normal, healthy ocular lens is a highly organized structure composed of a thin anterior
surface covered by a single layer of epithelial cells and an ovoid lens formed by elongated lens
fiber cells that contain a high concentration of crystallin proteins. The entire lens mass is
enclosed by a basement membrane commonly called the capsule. The human lens grows
throughout life by ongoing cell division in the anterior equatorial epithelium. Some of the
daughter cells differentiate into lens fiber cells: long, slender cells with ends near either lens
pole (Kuszak et al., 2004; Kuszak et al., 2006; Augusteyn, 2007). Murine lens growth occurs
most rapidly during early lens development and levels off markedly with age (Kuszak et al.,
2006; Augusteyn, 2008). The epithelial layer contains three distinct zones of proliferative
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activity including 1) the central epithelium, with the lowest mitotic activity; 2) the zone anterior
to the lens equator (also known as the germinative zone), with the highest level of cell division;
and 3) the transitional zone just posterior to the germinative zone, where there is no cell division
and the epithelial cells begin to differentiate into the elongated fiber cells that ultimately form
the lens cortical bers (Beebe et al., 2001; Robinson, 2006; Bassnett, 2009).

In many animal models of lens development, the transitional zone has been found to be
displaced posterior or anterior of the equator (Shirke et al., 2001; Xie et al., 2007; Rajagopal
et al., 2008). For example, transgenic mice overexpressing insulin like growth factor 1 (IGF-1)
have an expanded epithelial compartment toward the lens posterior pole (Shirke et al., 2001).
This causes expansion of the germinative and transitional zones, suggesting that IGF-1
provides a spatial cue that helps control the normal location of these epithelial zones.
Overexpression of insulin in another transgenic mouse model causes a shift of the transitional
zone and reduced lens epithelial cell number (Xie et al., 2007). In contrast, mice with a
conditional gene deletion of the bone morphogenetic receptor type 1 fail to form a transitional
zone at all, suggesting that this receptor is required for cells to withdraw from the cell cycle
(Rajagopal et al., 2008). In this study, we describe a method for quantifying the lens
proliferation zones from images of histological sections of wild type, αA-R49C heterozygous,
and αA-R49C homozygous mutant mice.

Mice were maintained at the Washington University Division of Comparative Medicine by
trained veterinary staff. All protocols using animals were approved by the Animal Studies
Committee, and followed institutional guidelines for the use and care of animals in research.
Mice expressing the αA-R49C mutant protein were generated as described previously (Andley
et al., 2008; Xi et al., 2008). The mutation was not lethal in mice, allowing heterozygous mice
to be interbred to generate litters containing wild type, heterozygous, and homozygous
progeny. Homozygous mice were interbred to maintain homozygous lines. Eyes were freshly
dissected, fixed, and stained for histology. Mice were examined by slit lamp biomicroscopy at
various ages ranging from the postnatal stage after eye opening to 9 months old. A total of 76
lenses were analyzed by histology. Overall, we analyzed 17 wild type lenses (newborn to 2.5
weeks, n=10; 2–6 months, n=6; 9 months, n=1), 33 heterozygous lenses (newborn to 2.5 weeks,
n=10; 2–6 months, n=13; 9–12 months, n=10), and 26 homozygous lenses (newborn to 2.5
weeks, n=21; 2–6 months, n=3; 9 months, n=2).

Eyes were fixed immediately in 10% neutral-buffered formalin (Fisher Scientific, Pittsburgh,
PA, USA), and paraffin sections were processed for staining or were labeled with a monoclonal
antibody to Ki67 (BD Pharmingen, San Jose, CA, USA). To align paraffin-embedded eyes for
sectioning, fixed eyes were placed with the cornea on the left side and the optic nerve on the
right from the sectioner’s perspective. The optic nerve was in an even plane with the center of
the cornea. The knife was perpendicular to the paraffin block, and adjusted so that when it
moved towards the center of the eye, the cornea, lens, and optic nerve were in the same plane.
Unstained sections were examined under a microscope to determine whether it was necessary
to section deeper into the eye. Sequential sections showing the iris opening indicated that we
were approaching the center of the eye. In addition, the lens became larger as we approached
the eye center. Sections were stained when the lens and iris opening were no longer increasing
in size. After this point the iris opening began to get smaller, indicating that we had passed the
halfway point corresponding to the center of the eye. For histological staining, 4-μm mid-
sagittal sections were cut, mounted on slides, and air-dried overnight. Slides were placed in a
60°C oven for 20 minutes, washed twice with xylene for 10 minutes, washed twice with 100%
ethanol for 3 minutes, washed twice with 95% ethanol for 3 minutes, and washed once with
70% ethanol for 3 minutes. Sections were then washed in distilled water for 1 minute, stained
with hematoxylin 560 for 5 minutes (Surgipath, Richmond, IL, USA), washed in distilled water,
and incubated in Define acid alcohol concentrate (Surgipath) for 1 minute. After washing
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thoroughly in distilled water, slides were stained with Blue Buffer bluing concentrate
(Surgipath) for 1 minute, washed in distilled water, washed with 80% ethanol for 1 minute,
stained with alcoholic eosin Y 515 (Surgipath) for 1 minute, washed twice in 95% ethanol for
30 seconds, washed twice in 100% ethanol for 1 minute, and washed three times in xylene for
5 minutes. Coverslips were applied to slides using Cytoseal 60 (Fisher Scientific). Bright eld
images of sections were taken with an Olympus uorescence microscope tted with a digital
camera (Spot Diagnostic Instruments, Sterling Heights, MI, USA) or a Zeiss 510 confocal
microscope as described previously (Andley et al., 1998).

The location and number of proliferating cells were determined by dividing the images of lens
histological sections into sectors in 15° increments, with the origin at the intersection of the
equatorial plane and the optical axis (Shirke et al., 2001; Rajagopal et al., 2008). The point of
origin was identi ed in PhotoShop CS3 (Adobe Systems, Inc.; San Jose, CA, USA), then fed
as input into a MATLAB program (v7.0; Mathworks, Inc., Natick, MA, USA) which
automatically overlaid the image with radial lines at 15° intervals. The percentage of Ki67-
labeled cells within each sector was then easily, reproducibly, and objectively determined. Cell
counts for corresponding sectors on the left and right sides were averaged such that the
distribution tracked changes from the anterior to the posterior pole. Three to six sections of
each genotype were analyzed.

In our previous work, we demonstrated that the R49C mutation in αA-crystallin causes lens
opacities in heterozygous and homozygous mutant mice (Andley et al., 2008; Xi et al., 2008).
These opacities appear about 2 months after birth of heterozygous mice and at birth in
homozygous mutant mice. In the present work, we have extended our previous study of R49C
knock-in mouse lenses to examine lens histology and proliferation changes resulting from this
mutation. Qualitative observations clearly indicated a severely disrupted, though highly
variable, defective lens phenotype in homozygous αA-R49C mice (Fig. 1).

The observed pattern of lens growth suggested that the distinct zones usually found in the lens
epithelium might be disrupted by this mutation. To assess changes in the germinative and
transitional zones, 6-day-old lens sections were labeled with an antibody specific for Ki67 (Fig.
2). In heterozygous and wild type mice, the proliferation zone was uniform in width, with the
majority of labeled cells located slightly anterior of the equator and no labeling of cells posterior
to the equator or the cortical cells. The homozygous mutant mice exhibited a drastically
different Ki67 labeling distribution, with labeled cells present posterior of the equator and in
the lens cortex (Fig. 2B). Additional analysis of older mice indicated that accumulation of
nuclei within the ber cell region increased with age (Fig. 3), with a loss of the ability of the
homozygous mutant lens to form a normal lens bow in mice older than 4 months. The αA-
R49C homozygous mutant mice older than 4 months also demonstrated different growth
patterns between the eyes of the same animal, with a complete loss of the eye in some mice.

Patients heterozygous for the αA-crystallin R49C mutation develop lens opacities in infancy
or at birth (Mackay et al., 2003). We have demonstrated that this mutation causes similar lens
opacities in gene knock-in mice (Andley et al., 2008; Xi et al., 2008). While the heterozygous
knock-in mice have one wild type and one mutant R49C αA-crystallin gene and the
homozygous knock-in mice have two mutant and no wild type R49C αA-crystallin genes, both
heterozygous and homozygous knock-in mice possess two copies of wild type αB-crystallin,
the aggregation partner of αA-crystallin in the lens. Here we expand our previous work to
examine the mechanisms whereby the αA-crystallin R49C mutation disrupts lens function
using a new method based on detailed histology to assess changes in the distribution of
proliferating lens cells.
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Although early fiber cell differentiation was not significantly impacted, the deeper cortical
fibers exhibited a dramatically disrupted morphology in homozygous mutant lenses, and the
proliferation zone was shifted towards the posterior of the lens. As shown in Fig. 2, Ki67
labeling extended into the fiber cell compartment in homozygous lenses, suggesting that the
αA-crystallin mutation disrupts cell cycle exit, impacting both the size and shape of the lens.
These changes presumably interact with variable environmental factors to cause loss of the
lens, loss of the entire eye, or other serious tissue disruptions. The posterior shift of the
proliferation zone (Fig. 3) suggests that these dividing cells are dysplastic and no longer have
the normal fiber-cell phenotype (Kuszak and Costello, 2004). Dysplastic fiber cells and
posterior shifting of the proliferating cells are also common features of human posterior
subcapsular cataracts (Streeten and Eshaghian, 1978;Eshaghian and Streeten, 1980).

The absence of any noticeable differences in the size and shape of wild type and heterozygous
mutant mouse lenses indicates that a single copy of the wild type αA-crystallin (Cryaa) gene
is sufficient to prevent cell death in mutant lenses at the ages examined. In contrast, mice
homozygous for the R49C mutant Cryaa gene exhibited disrupted lens development even in
young postnatal mice. While the αA−/− null lenses also develop opacities, the phenotype and
loss of αA-crystallin function are not nearly as severe as in the αA-crystallin mutants. This
shows that the αA-R49C mutant protein dominantly interferes with lens function, an important
observation that requires further clarification to fully understand the pathogenesis cataract
development, and reflects more than the loss of normal αA-crystallin in vivo function. The
variability of the phenotype in the knock-in mice, observed even between eyes of the same
animal, presents problems for understanding the mechanism by which αA-crystallin might
govern lens growth and development. Such variability has been reported with another αA-
crystallin mutation that causes hereditary human cataracts (Richter et al., 2008). It is interesting
to note that microphthalmia and hyperplastic irises have recently been reported to occur in the
lenses of mice with conditional deletion of the adhesion molecules N- or E-cadherin (Pontoriero
et al., 2009). These observations support a link between cell adhesion signaling pathways and
αA-crystallin, as previously proposed (Menko et al., 2005; Xi et al., 2008).
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Figure 1.
Histology of eyes from wild type and αA-R49C mutant mice. Above: Eyes from 6-day-old
wild type (A), heterozygous (B), and homozygous mutant (C) mice. Below: Eyes from 4-
month-old wild type (D), heterozygous (E), and homozygous mutant (F) mice. Mid-sagittal
sections were stained with hematoxylin and eosin. At least three sections were analyzed for
each age and genotype. Scale bar in (F) = 1 mm for each image (A–F).
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Figure 2.
Ki67 labeling of interior lens fiber cells in αA-R49C homozygous mutant mice. (A) Lens fiber
cells showed significant Ki67 labeling (red arrows) in homozygous mutant mice, but not in
wild type or heterozygous mice. (B) The histogram shows the number of Ki67-labeled cells
present in each 15° sector normalized against the total number of Ki67-labeled cells in the lens.
The data are representative of three mid-sagittal sections per lens, for at least two lenses of
each genotype. Overlayed lines in (A) indicate the boundaries of the 15° sectors used for
quantifying the angular distribution of labeled cells given in (B). Note that the homozygous
mutant lens was labeled in the interior fiber cells (A, B), whereas wild type and heterozygous
lenses were both labeled in only in the equatorial region (B).
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Figure 3.
Failure to form the normal epithelial bow region in 160-day-old αA-R49C homozygous mutant
mice. Homozygous mutant lenses lacked the normal equatorial bow region seen in the wild
type lenses. Posterior migration of epithelial cell nuclei in R49C homozygous mutant lenses:
(A) low magnification image of the homozygous mutant eye, (B) epithelial cell nuclei at the
equator, (C) epithelial cell nuclei migrating along the posterior capsule, and (D) epithelial cells
at the posterior pole. (B, inset) The inset shows the lens bow region of an age-matched wild-
type lens. Arrows indicate migration of nuclei from the equator towards the posterior of the
lens.
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