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Abstract
Lens transparency and high refractive index presumably depend on the appropriate arrangement and
distribution of lens proteins among lens fiber cells. Intercellular gap junction channels formed by
α3 and α8 connexins are known to transport small molecules, ions and water, but not proteins, in the
lens. Mosaic expression of green fluorescent protein (GFP) in the lens is a useful marker for
monitoring macromolecule distribution between fiber cells and for constructing 3-dimensional
images of living lens cells. In α3(−/−) α8(−/−) double knockout (DKO) lenses, three-dimensional
images of GFP-positive cells demonstrate the changes of epithelial cell surfaces and insufficient
elongation of inner fiber cells. Uniform distribution of GFP between inner lens fiber cells is observed
in both wild-type and α3(−/−) lenses. In contrast, uniform GFP distribution is slightly delayed in α8
(−/−) lenses and is abolished in DKO lenses. Without endogenous wild-type α3 and α8 connexins,
knock-in α3 connexin (expressed under the α8 gene promoter) restores the uniform distribution of
GFP protein in the lens. Thus, the presence of either α3 or α8 connexins seems sufficient to support
the uniform distribution of GFP between differentiated lens fiber cells. Although the mechanism that
drives GFP transport between fiber cells remains unknown, this work reveals that gap junction
communication plays a novel role in the regulation of intercellular protein distribution in the lens.
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1. Introduction
The ocular lens is a syncytial unit consisting of a single monolayer of epithelial cells at the
anterior surface and a bulk mass of elongated lens fibers that extend from the anterior to
posterior poles (Mathias et al., 1997). During lens formation, the embryonic lens vesicle is a
spherical monolayer of epithelial cells. The posterior cells of the lens vesicle differentiate and
elongate to form primary lens fiber cells that fill the lumen of the lens vesicle. The anterior
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cells remain in a monolayer to become lens epithelial cells that cover the anterior hemisphere
of the lens. Lifelong lens growth relies on epithelial cell proliferation, elongation and
differentiation into secondary lens fibers, which surround previous generations of fibers, at the
lens equator (McAvoy et al., 1999; Piatigorsky, 1981). During the late stages of fiber cell
differentiation, inner differentiated fiber cells break down cytoplasmic organelles and nuclei
to eliminate light scattering structures and become mature fiber cells in the lens core (Bassnett,
2002).

The lens must maintain transparency and develop appropriate high refractive index in order to
transmit and focus light images onto the retina. High concentrations of lens proteins,
metabolites, ions and water presumably need to be arranged and distributed among lens fiber
cells to achieve transparency with appropriate high refractive index (Delaye and Tardieu,
1983; Jones et al., 2005). The mechanisms that control lens refractive index remain largely
unknown. A recent study reports that the loss of Lim2 (or MP20) in mouse lenses impairs the
internal refractive quality (Shiels et al., 2007). Lim2 belongs to the Pmp22/claudin protein
family, and members of this protein family mediate cell adhesion and junction formation
(Arneson and Louis, 1998; Chen et al., 2003; Van Itallie and Anderson, 2006). However, the
molecular basis for the abnormal refraction in the Lim2 knockout lenses and the function(s)
of Lim2 in the lens are unknown. Presumably, the regulation of lens protein concentration is
important for the development of appropriate reflective index in the lens.

Gap junction channels, formed by connexins, allow the passage of small (<1200 Da) molecules,
including ions and metabolites, directly from cell to cell (Gilula et al., 1972; Simpson et al.,
1977; Yeager et al., 2000). The extensive network of gap junctions facilitates electrical and
metabolic coupling between lens epithelial-epithelial, epithelial-fiber and fiber-fiber cells
(Goodenough, 1992). The lens expresses at least three connexin subunits, α1 (Cx43), α3 (Cx46)
and α8 (Cx50) (Beyer et al., 1989; Paul et al., 1991; White et al., 1992). In mammalian lenses,
connexin α1 is expressed at low levels in epithelial cells and is absent in lens fibers (Beyer et
al., 1989). Connexin α3 is highly expressed during fiber differentiation (Gong et al., 1997),
while connexin α8 is expressed in lens epithelial cells and has increased expression in
differentiated fibers (Dahm et al., 1999; Rong et al., 2002).

Connexin-mediated intercellular gap junction communication is crucial for lens growth and
transparency (Gong et al., 2007; Mathias et al., 2007). Connexin α3(−/−) homozygous
knockout mice develop nuclear cataracts (Gong et al., 1997), and connexin α8(−/−)
homozygous knockout mice have significantly smaller lenses with zonular pulverulent nuclear
cataracts (Rong et al., 2002; White et al., 1998). The heterozygous knockout mice of α3 and/
or α8 develop normal and transparent lenses while the α3 and α8 double homozygous knockout
(DKO) mice have severe nuclear cataracts and microphthalmia (Xia et al., 2006a).
Furthermore, knock-in α3 connexin, genetic replacement of endogenous α8 connexin with
wild-type α3 connexin by homologous recombination (α3 connexin expressed from the α8
locus, hereafter referred toas KIα3 mice), prevents lens opacification but does not rescue the
small lens size caused by the absence of α8 (White, 2002). Knock-in α3 alleles alone are also
sufficient to maintain lens transparency and partially restore fiber cell coupling (Martinez-
Wittinghan et al., 2003; Martinez-Wittinghan et al., 2004; Xia et al., 2006b).

Green fluorescent protein (GFP) is a useful marker for observing the properties of living lens
cells during development. At least two GFP transgenic mouse lines develop mosaic expression
patterns of GFP in lens epithelial cells (Shestopalov and Bassnett, 2003; Xia et al., 2006c).
Previous studies have uncovered a macromolecular exchange pathway that mediates the
uniform distribution of GFP in the lens, and it has been hypothesized that the plasma member
fusion of inner fiber cells leads to the uniform GFP distribution (Shestopalov and Bassnett,
2000;2003). However, this hypothesis remains to be tested, and the molecular nature of this
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macromolecular exchange pathway needs to be elucidated. By using compound mutant mice
that contain disrupted α3 and/or α8 connexin genes with a GFP-transgene, we have found that
gap junction communication influences intercellular GFP protein distribution in differentiated
lens fiber cell before undergoing cell maturation. A loss of α3 and/or α8 connexins also affects
other properties of lens epithelial and fiber cells.

2. Methods
2.1 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). The generation and
genotype of α3(−/−), α8(−/−), DKO and α3(−/−) α8(KIα3/−) mice have been previously
described (Gong et al., 1997; Okabe et al., 1997; Rong et al., 2002; White, 2002). GFP-positive
(GFP+) connexin knockout or knock-in mice were generated by intercrossing connexin
knockout or knock-in mice with GFP transgenic mice (Okabe et al., 1997). GFP+ mice were
screened using a UV lamp. Heterozygous knockout mice were then mated to generate
homozygous knockout mice that were genotyped by previously described PCR methods (Gong
et al., 1997; Rong et al., 2002; White, 2002). Homozygous knockout or knock-in GFP+ mice
(with one copy of the GFP transgene) were maintained for this study.

2.2 Microscopy
Confocal microscopy was used to evaluate the distribution of GFP in living lenses. GFP+ mice
were euthanized at postnatal day 7 (P7), P14, P21 and P90. Fresh intact lenses were dissected
out of the whole eye immediately before imaging. The confocal microscope (Leica) was
equipped with an argon laser, and a 40× oil lens was used. Lenses were maintained in DMEM
at 37°C on the stage of the confocal microscope.

2.3 Epithelial and Fiber Cell Evaluation
Z-stacks for GFP lenses were collected with 1 μm z-steps, and AxioVision 4.5 was used to
analyze epithelial cell and fiber cell shape, length and surface characteristics. Bright GFP+
epithelial cells surrounded by GFP-negative cells from the center region of the monolayer of
epithelial cells were used for 3D reconstruction.

2.4 Vibratome Sections
Lens vibratome sections were prepared using a previously described method (Gilliland et al.,
2001). Briefly, freshly dissected lenses from P10 mice were fixed for 15 hours in 3%
paraformaldehyde at room temperature. Fixed lenses were then mounted anterior side up with
super glue onto an aluminum sectioning stand. Lenses were covered with warm 2.5% agar
noble, then submerged in 1X phosphate buffered saline at 6–10°C and sectioned using a
vibrating knife microtome with an amplitude setting of 1 and a speed of approximately 0.2
mm/s. Lens cross sections between 250–300 μm in thickness from similar depths
(approximately 500–600 μm from the anterior surface of the lens) in different lens samples
were collected onto glass slides and fixed for 5 minutes with 3% paraformaldehyde before
mounting with mounting medium for fluorescence (Vector Laboratories, Inc., Burlingame,
CA). Fluorescent images were collected using a Leica confocal microscope.

The radial distance of the mosaic GFP fibers was quantified. For each genotype, vibratome
section images of 6 lenses from 3 mice were analyzed with ImageJ. The average and standard
error were plotted in Excel. Student t-test was used to determine statistical significance.
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2.5 Immunocytochemistry
A previously described method was used for preparing lens cryosections for
immunohistochemical staining (Gong et al., 1997). Briefly, mouse eyes were fixed with fresh
4% formaldehyde in PBS for 30 minutes, then washed with cold 1X PBS twice and soaked
overnight in 30% sucrose in PBS at 4°C. Cryosections between 8–10 μm in thickness from P1
and P7 lenses were collected onto glass slides. Sections were gently washed two times with
1X PBS and one time with ddH2O and mounted with mounting medium for fluorescence with
DAPI (Vector Laboratories, Inc. Burlingame, CA). Images were collected by a fluorescence
microscope (Axiovert 200; Zeiss).

3. Results
3.1 The lateral surface structure of lens epithelial cells was influenced by α8 connexin while
the apical surface structure was affected by a combination of α3 and α8 connexins

We evaluated the epithelial cells and lens suture formation by directly taking high-resolution
images of GFP+ living lenses. In order to examine living epithelial and fiber cells, lenses were
dissected out of enucleated eyeballs of GFP+ mice at P7, P14, P21 and P90 immediately before
imaging. Epithelial cells exhibited a mosaic GFP expression pattern in all lenses at P7 (Figure
1) and at all other ages examined (data not shown). The size and shape of epithelial cells in
connexin single knockout lenses and the wild-type lens were similar even though both α8(−/
−) and DKO lenses are smaller than the wild-type and α3(−/−) lenses (Rong et al., 2002;Xia
et al., 2006a). There were some small irregularities in epithelial cells, especially cells at the
anterior pole, of the DKO lens (arrowheads, Figure 1).

Using z-stacks collected from GFP+ lenses, we reconstructed and rendered 3D images of bright
GFP+ epithelial cells from P7 wild-type, α3(−/−), α8(−/−) and DKO lenses (Figure 2). Lens
epithelial cells in the center region were chosen for these reconstructions and comparisons.
The basal surfaces (left column of Figure 2) of the epithelial cells were similar between wild-
type and different mutant mice. However, the apical surface (middle column of Figure 2) of
DKO epithelial cells was more smooth compared to wild-type and single knockout epithelial
cells. Moreover, the lateral surfaces of both α8(−/−) and DKO cells were much more smooth
(right columns of Figure 2) compared to wild-type and α3(−/−) cells. In contrast, surface
structures of α3(−/−) lens epithelial cells were similar to those of wild-type. These data suggest
that α8 gap junctions are crucial for the formation of lateral surface structures of epithelial cells
while both α3 and α8 are essential for the normal formation of apical structures of epithelial
cells.

3.2 A wide open anterior suture was observed only in DKO lenses
We further evaluated fiber cells of GFP+ living lenses from different mutant mice. A typical
Y-shaped anterior suture, where the ends of opposing lens fiber cells are in contact, was
observed in wild-type, α3(−/−) and α8(−/−) lenses at P7 (white dashed lines mark the center
of the suture in Figure 3), and GFP fluorescent signals were uniformly distributed in these lens
fibers (Figure 3). However, the ends of opposing fiber cells in DKO lenses of neonatal mice
failed to contact each other, resulting in a “wide open anterior suture” (right bottom panel in
Figure 3). GFP+ globules were also present in this open anterior suture. Our previous work
showed that 2-week old DKO lenses appeared to have degenerating fibers in the lens core while
peripheral fiber cells differentiated normally and formed end-to-end contacts at the anterior
pole (Xia et al., 2006a). Thus, these GFP+ globules could result from degenerating inner fiber
cells and/or abnormal epithelial cells. Similar to wild-type lenses, the suture structure at the
posterior pole is normal in α3(−/−), α8(−/−) and DKO lenses, and the ends of the secondary
fiber cells of DKO lenses eventually contacted each other at the posterior pole (data not shown).
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Surprisingly, DKO lens fibers displayed a mosaic pattern of GFP expression, which differed
from a uniform profile of GFP signal seen in wild-type and single knockout lens fibers. Z-
stacks of lens fibers and 3D reconstruction revealed that the ends of opposing fiber cells never
came in contact with each other, causing a large GFP-negative (black) chamber in the anterior
lens core (Figure 4A). Thus, this chamber with an open suture is correlated to a triangle-shaped
cataract seen in DKO lenses (Xia et al., 2006a). Detailed 3D reconstruction of fibers at the
edge of the open Y-suture showed that fiber cells adjacent to the lumen appeared to be intact
and had mosaic GFP signal and that some inner fiber cells were not fully elongated (Figure
4B). These imaging results of DKO living lenses indicate that the secondary lens fiber cells do
not elongate properly to form the lens suture on time at neonatal stage, and primary lens fiber
cells probably undergo degeneration in the lens core.

3.3 Absence of both α3 and α8 connexin abolished the uniform distribution of GFP signal in
the lens core

In order to confirm the mosaic GFP expression pattern in inner fibers of DKO lenses, we
collected images of vibratome cross sections from the lens equatorial region. Wild-type, α3
(−/−) and α8(−/−) lenses showed mosaic GFP signals in epithelial cells and peripheral fiber
cells while their inner fiber cells displayed uniform GFP signals (Figure 5A). In contrast, DKO
lens sections revealed that the mosaic GFP pattern remained in all lens fiber cells (Figure 5A).
We further quantified the radial distance of mosaic GFP fibers, from the boundary of uniform
GFP distribution to the epithelial-fiber interface, by measuring 6 lens sections of 3 mice for
each genotype (Figure 5B). The mosaic GFP fiber distance is about 60 μm for wild-type and
α3(−/−) lenses and about 80 μm for α8(−/−) lenses (Figure 5B). However, the mosaic GFP
fiber cells were observed at a depth of 250 μm in DKO lenses, which was far deeper than the
depths of 60-80 μm in wild-type, α3(−/− ) or α8(−/−) lenses. Due to the open anterior-suture
and fiber cell degeneration, we were unable to collect reliable GFP signal in the DKO lens
core. There is also a statistically significant difference between wild-type and α8(−/−) lenses.
Therefore, these data suggest that the loss of α8 connexin slightly delays the uniform
distribution of GFP in inner lens fiber cells while the loss of both α3 and α8 abolishes the
uniform distribution of GFP proteins in the lens.

3.4 Inner DKO lens fibers underwent maturation with delayed denucleation similar to inner
α8(−/−) lens fibers

Fiber cell denucleation is a hallmark of fiber cell differentiation and maturation. As shown in
Figure 5 and in a previous report (Shestopalov and Bassnett, 2003), GFP exchange between
fiber cells occurs in the early stages of fiber cell differentiation before cell denucleation. In
order to understand whether the mosaic GFP distribution in DKO lens fibers was associated
with delayed fiber cell differentiation and maturation, we evaluated fiber cell denucleation in
different mutant lenses by DAPI staining. Wild-type and α3(−/−) lenses displayed normal fiber
cell denucleation that occurred at about 400 μm from the lens capsule (Figure 6). Although
DKO and α8(−/−) mutant lenses showed abnormal distribution of fiber cell nuclei and a delayed
denucleation process, fiber cells in the lens core had no remaining nuclei. The DKO mutant
lenses had some DAPI staining in the center indicating that some nuclear remnants remained
after nuclei were degraded. This result suggests gap junction communication plays a novel role
in the regulation of intercellular GFP distribution besides its important role in fiber cell
denucleation. Therefore, we tested whether restored gap junction communication via a knock-
in α3 allele could rescue abnormalities observed in DKO lenses.

3.5 Knock-in α3 connexin restored the uniform GFP distribution in inner fiber cells
To test whether knock-in α3 connexin could restore uniform GFP signal in inner fiber cells,
we generated GFP+ α3(−/−) α8(KIα3/−) mutant mice, which contained only one allele of
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knock-in α3 connexin without endogenous wild-type α3 or α8 connexins, and evaluated the
epithelial and fiber cells of living lenses. The GFP+ α3(−/−) α8(KIα3/−) lens was clear and
displayed mosaic GFP signal in epithelial cells that had normal shape and size (Figure 7A and
7B). Imaging of the lens equatorial region demonstrated that cortical fiber cells maintained a
mosaic GFP expression pattern while inner fiber cells had uniform GFP distribution (Figure
7C). These results confirmed that gap junction communication facilitated by knock-in α3
connexin was sufficient to restore the uniform distribution of GFP in inner fiber cells.

4. Discussion
This is the first time that gap junctions (or connexins) have been demonstrated to influence the
intercellular protein distribution in the lens in addition to their unique roles in fiber cell
elongation and maturation (Figure 8). It is well known that gap junction channels directly
transport small molecules between cells of different organs. In the lens, the regulation of protein
distribution is presumably necessary for generating appropriate refractive index in the lens core
(Delaye and Tardieu, 1983;Jones et al., 2005). Our previous work suggests that gap junction
communication is important for fiber cell maturation processes, such as denucleation, and the
maintenance of lens mature fiber cells (Gong et al., 1997;Rong et al., 2002;Xia et al., 2006a).
This work suggests a novel role of intercellular gap junction communication in the regulation
of intercellular distribution of macromolecules, such as GFP, in differentiated lens fiber cells.
Endogenous wild-type α8 connexin alone in α3(−/−) lenses seems sufficient to support the
uniform distribution of GFP and fiber cell denucleation while endogenous wild-type α3
connexin alone in α8(−/−) lenses is less sufficient, which leads to delayed GFP exchange and
cell denucleation. The absence of both α3 and α8 connexins in DKO lenses abolishes GFP
protein exchange in inner differentiated fiber cells, inhibits complete fiber cell elongation,
disrupts denucleation and causes degeneration in the lens core. Interestingly, the knock-in α3
connexin alone is also sufficient to restore the uniform distribution of GFP. The mechanism
for how gap junction communication regulates GFP protein transport in differentiated fiber
cells remains unknown. The formation of macromolecular exchange pathway is one of the
events occurred during the progression of fiber cell differentiation (Figure 8). We hypothesize
that gap junction communication may directly influence the formation of the macromolecular
exchange pathway in differentiated fiber cells or that altered gap junction communication
perturbs the properties of differentiated fiber cells or the progression of fiber cell differentiation
which in turn influences the formation of the macromolecular exchange pathway.

The physical nature of the macromolecule transport pathway between lens fiber cells is unclear.
With about 10–15 Angstroms pore size (Fleishman et al., 2004; Oshima et al., 2007; Unger et
al., 1999), gap junction channels are unlikely to directly transport the native form of GFP
between differentiated fiber cells. Therefore, a different transport pathway is likely to be
responsible for the uniform GFP distribution between lens inner fiber cells. Previous studies
have suggested that the uniform GFP distribution in inner lens fibers is mediated by a
macromolecular diffusion pathway, probably resulting from plasma membrane fusion of
neighboring fibers (Shestopalov and Bassnett, 2000;2003). The presence of cell fusion has
been reported in lenses of different species, such as rat and chick (Kuszak et al., 1985;
Shestopalov and Bassnett, 2000). However, no reported evidence demonstrate that fiber cell
fusion occurs in cortical fiber cells, which transport GFP, in mouse lenses. Substantial
published evidence also contradict the fiber cell fusion model. Electrical impedance studies
provide quantitative data of fiber-to-fiber coupling conductance via intercellular gap junction
communication but do not detect the presence of other intercellular diffusion pathways in the
lens (Baldo et al., 2001; Baldo and Mathias, 1992; Duncan et al., 1981; Martinez-Wittinghan
et al., 2004). Moreover, it has been difficult to observe fiber cell fusion in wild-type, α3(−/−)
or α8(−/−) mouse lenses by thin-section microscopic analysis (Dunia et al., 2006) or in wild-
type mouse lenses by scanning electron microscopy (Blankenship et al., 2007) or freeze-
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fracture electron microscopy (Lo and Reese, 1993). In addition, α3(−/−) lenses display no
electrical coupling conductance between inner fiber cells at a distance of ~200 μm and greater
from the lens capsule (Gong et al., 1998). Unexpectedly, the uniform distribution of GFP in
α3(−/−) lens fibers is sustained. Thus, the presence of endogenous α8 connexin in the lens
cortex seems sufficient to support a uniform distribution of GFP proteins (Figure 5). Our work
and a previous study clearly show that a uniform GFP distribution occurs in inner differentiated
fiber cells before undergoing denucleation (Shestopalov and Bassnett, 2003). Therefore, the
hypothesis that fiber cell fusion provides the macromolecular diffusion pathway remains to be
evaluated. A recent study reports that the adhesion of gap junctions is necessary for their
function in the neocortex (Elias et al., 2007). Future studies will be needed to clarify the nature
of the pathway that mediates intercellular distribution of GFP and to elucidate how gap junction
communication influences this macromolecular exchange pathway in the lens.

Using the GFP signal, we are also able to study the 3D morphology of living cells without
fixation and processing artifacts associated with traditional histology techniques. Three-
dimensional reconstruction of epithelial cells shows key differences between wild-type and
knockout cells. DKO and α8(−/−) epithelial cells have more smooth lateral surfaces, indicating
that gap junctions formed by α8 connexin are important for communication and adhesion
contacts between epithelial cells. Expression of α8 connexin in epithelial cells has been
reported previously, and dye transfer experiments further confirm the importance of α8
connexin in lens epithelial cell coupling (Dahm et al., 1999; White et al., 2001). However, the
apical surface structures, which contact the anterior tips of fiber cells, changed only in DKO
lenses. Thus, both α3 and α8 connexins probably contribute to gap junctions between epithelial
and fiber cells. GFP-transgenic mutant mice are a useful system for studying cellular
morphology and for investigating protein transport in the lens.

Different mechanisms are suggested to be associated with their cataract formation between α3
(−/−) and DKO lenses (Gong et al., 1997; Xia et al., 2006a). We are puzzled by the fact that
substantial reduction of γ-crystallin proteins, without obvious degradation, occurs in DKO
lenses while degradation and aggregation of crystallin proteins are detected in α3(−/−) lenses
(Xia et al., 2006a). This work reveals that the delayed elongation of the anterior ends of the
secondary fiber cells in DKO lenses results in an anterior Y-shaped gap correlating to the shape
of the cataract (Xia et al., 2006a). However, Inner fiber cells remain intact in DKO lenses, even
though some of them fail to fully elongate. Only a limited number of degenerated cells are
observed in the gap of the open anterior suture. This new morphological information provides
additional evidence to support different mechanisms lead to nuclear cataract in DKO and α3
(−/−) lenses.
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Fig. 1.
Wild-type (WT), α3(−/−), α8(−/−) and double knockout (DKO) mouse lenses were dissected
from fresh eyes and imaged at postnatal day 7 (P7). The epithelial cells exhibited a mosaic
expression pattern in all lenses with different genotypes. The size and shape of epithelial cells
appeared to be similar in all lenses. Note that α8(−/−) and DKO lenses are smaller than WT
and α3(−/−) lenses. Some small irregularities were present in the DKO epithelial cells (white
arrowhead). Scale bar, 50 μm.
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Fig. 2.
Three-dimensional epithelial cell reconstruction using AxioVision. All samples were P7, and
cells from the center of the lens anterior were used for these reconstructions. The left column
shows the basal surface of epithelial cells. The middle column shows the apical surface of
epithelial cells. The right columns show the lateral surface of epithelial cells. Scale bar, 20
μm. A magnified view of each cell’s lateral surface is shown to the right. Scale bar, 5 μm. DKO
and α8(−/−) epithelial cells had more smooth lateral cell surfaces, and DKO cells had no
processes on the apical surface.
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Fig. 3.
Lens fibers from WT, α3(−/−), α8(−/−) and DKO were imaged in P7 GFP+ lenses. WT and
single knockout lenses had proper suture formation and uniform GFP distribution in lens fiber
cells. The centers of the Y-suture in these lenses are indicated by dashed lines. The loss of both
connexins in the DKO lens caused incomplete suture formation, and bright GFP+ cellular
structures appeared in the center of the DKO lens (white arrowheads). DKO lens fibers did not
show uniform GFP distribution. Scale bar, 50 μm.
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Fig. 4.
Three-dimensional reconstruction of GFP+ P7 DKO fiber cells using AxioVision. A) Each
panel shows a different view of the fiber cells, demonstrating that the cells remained intact and
had mosaic GFP signal. It is evident that the suture was not properly closed in the DKO lens.
The epithelial cells were removed from this reconstruction. Scale bar, 50 μm. B) Detailed view
of secondary fibers at the leading edge of the Y-suture. The image on the left shows the fibers
in a top-down view. Four separate fibers are highlighted by different colors, and the asterisk
denotes the lumen in the center of the DKO lens. The image on the right shows a lateral view,
showing that fibers remained intact and had different levels of GFP signal. Loss of α3 and α8
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in fibers caused incomplete fiber elongation as shown by the short fibers highlighted in red
and purple. Scale bar, 20 μm.
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Fig. 5.
A) Vibratome cross sections of the equatorial region of WT, α3(−/−), α8(−/−) and DKO P10
GFP+ lenses were imaged. Scale bar, 50 μm. Magnified cortical (left) and inner fiber regions
(right) are shown below each vibratome section image. Scale bar, 10 μm. The fibers cells of
WT, α3(−/−) and α8(−/−) lenses had mosaic GFP expression in the periphery of the lens and
uniform GFP expression in the center of the lens. In contrast, DKO lens fibers showed mosaic
GFP expression throughout the lens. B) The radial distance of the GFP mosaic lens fibers was
quantified from vibratome sections of 6 lenses from 3 mice of each genotype. The average and
standard error were plotted for comparison. The change in radial distance of GFP mosaic fibers
for α8(−/−) and DKO lenses was statistically different from WT lenses. (P> 0.001). Due to the
open anterior Y-suture, we were unable to evaluate the fiber cells of DKO lenses past ~250
μm, but all fibers present in DKO vibratome sections had mosaic GFP expression.
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Fig. 6.
DAPI-stained cell nuclei of lens frozen sections from WT, α3(−/−), α8(−/−) and DKO mice at
P1 and P7. Both WT and α3(−/−) lenses displayed normal denucleation of inner fibers while
α8(−/−) and DKO lenses showed delayed denucleation of inner fibers. White arrows indicate
lens bow region. Scale bar, 200 μm.

Cheng et al. Page 16

Exp Eye Res. Author manuscript; available in PMC 2009 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 7.
A) Lens picture of a freshly dissected α3(−/−) α8(KIα3/−) lens at the age of P16. The lens is
clear, but small due to the lack of α8 connexin. Scale bar, 500 μm. B and C) GFP fluorescent
images of lens epithelial cells and fiber cells in a freshly dissected P7 α3(−/−) α8(KIα3/−) lens.
Both epithelial cells and peripheral fiber cells displayed a mosaic expression pattern of GFP
while the inner fibers had uniform GFP signal. Scale bar, 50 μm.
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Fig. 8.
A summary of the roles of connexins during fiber cell differentiation, elongation and
maturation. The diagram illustrates distinct stages during the transition of lens epithelial cells
to mature fiber cells. Neither α3 nor α8 connexins are essential for the differentiation of
epithelial cells to differentiating fiber cells. However, uniform distribution of GFP in inner
differentiated fiber cells requires the presence of endogenous α3, endogenous α8 or knock-in
α3 connexin. Normal fiber cell denucleation requires the presence of endogenous α8, but α3
connexin.
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