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Purpose: Connexins 46 (Cx46) and 50 (Cx50) support lens development and homeostasis. Knockout (KO) of Cx50,
but not Cx46, causes defects in lens fiber organization, F-actin enrichment, gap junction (GJ) size, ball-and-socket
(BS) maturation, and GJ-associated protein distributions. To further determine the unique roles of Cx50 and Cx46, we
investigated whether these defects persisted in Cx46 knock-in (Ki) lenses. Ki mice had Cx46 knocked-in to their Cx50
loci, where it was expressed under endogenous Cx50 promoters.
Methods: Fiber cell morphology and the distribution of lens membrane/cytoskeleton proteins from wild-type (WT), Ki,
and Cx50 KO mice were visualized by immunofluorescent labeling and confocal microscopy.
Results: Cx46 Ki partially rescued Cx50 KO lens fiber defects. Three-week-old Ki lens fibers had typical F-actin distributions but were nonuniformly sized and disorganized. The Cx-associated proteins zonula occludens-1 (ZO-1) and
β-dystroglycan (βDys) no longer localized to the nuclei but remained absent from GJs. BS formed, but this occurred with
lower than WT frequency. BS appeared with greater frequency in 8-week-old Ki lenses, but so did aberrant balloon-like
structures similar to those in Cx50 KO lenses. Unexpectedly, 8-week-old Cx50 KO and Ki cortical lens fibers were no
longer disorganized.
Conclusions: Cx identity is important for some aspects of fiber development (organization, Cx association with ZO-1
and βDys) but not others (F-actin enrichment). Either Cx supports BS maturation, but the sparsity of BS and presence of
balloon-like structures in Ki lenses suggest that Cx50 is more capable of doing so. The partial rescue of BS structures
may support the rapid growth of cortical fibers to the improved growth of Ki lenses compared to Cx50 KO lenses at young
ages. Neither absence of Cx50 nor presence of Ki Cx46 affects cortical fiber cell organization by the age of 8 weeks.

near the lens equator undergo differentiation, displacing
older ones in from the lens surface. Lens fibers interdigitate with their neighbors by forming ball-and-socket (BS)
structures and protrusions. BSs are GJ-enriched regions
where the membrane of one fiber cell appears to bulge into
a neighboring fiber cell [8,9]. Protrusions are actin-enriched
structures that emanate from fiber vertices and lack GJs [9].
Lens fibers eventually lose their nuclei and other intracellular
organelles as they undergo further maturation [10,11]. As a
result, only the epithelial cells and peripheral fibers are metabolically active. GJs are critical to this arrangement, as they
allow the active cells at the cortex to maintain homeostasis
in the mature fibers.

Gap junctions (GJs) are clusters of dynamic membrane
channels that allow for intercellular transport of small
molecules and inorganic ions. GJ channels connect neighboring cells via head-to-head docking of transmembrane
hemichannels, where each hemichannel is itself assembled
from six connexin (Cx) protein subunits. The Cx protein
family comprises about 20 members, with one or more
isoforms being used to assemble each channel. Different
isoform combinations result in channels with varying permeability, electrophysiology, and ability to be regulated [1-3].
Genetic manipulation of Cx has allowed for the dissection of
individual isoform properties and the discovery of channeldependent and independent functions in diverse tissues,
including the ocular lens [2,4-7].

Three types of Cx are expressed in the lens, namely
Cx43, Cx46, and Cx50, which are encoded by the Gja1, Gja3,
and Gja8 genes, respectively. Cx43 is expressed only in the
epithelial cells while Cx46 is first expressed when epithelial
cells differentiate into fibers. Cx50 is highly expressed in
both epithelial cells and fibers [2]. Past studies have focused
on determining the isoform-specific roles of Cx46 and Cx50
in lens development and homeostasis. Gja3−/− knockout (KO)
mice lacking Cx46 develop normal size lenses, with nuclear

The lens is an avascular, nearly solid mass of cells that
is reliant on extensive GJ-mediated coupling. An epithelial
monolayer lines the surface of the anterior hemisphere,
while the bulk mass is composed of highly elongated fiber
cells. Throughout life, new fibers form as epithelial cells
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cataracts attributed to aberrant proteolysis [12]. Gja8 KO
mice lacking Cx50 develop significantly smaller lenses with
mild, pulverulent cataracts [13,14]. This growth defect is
attributed to reduced early postnatal proliferation of lens
epithelial cells [15]. In addition, only Cx50 was found to
respond to mitogen-activated protein kinase (MAPK) and
phosphoinositide 3-kinase (PI3K) pathway signaling and
to promote channel-independent differentiation, while only
Cx46 was found to transport glutathione to the lens core
[16-20]. These and other studies suggest that Cx50 is critical
to lens growth and differentiation, whereas Cx46 is more
critical to lens transparency.
−/−

Knock-in (Ki) mice have their Cx50 loci homozygously
replaced with Cx46 (Gja3+/+ Gja8(α3/α3)) [21]. These mice
provide a model for determining unique and redundant
functions between Cx50 and Cx46 in lens fibers. Ki lenses
are clear and between wild-type (WT) and Cx50 KO lenses
in size. Additional studies have found that Ki lenses have
recovered resting voltages, partially improved coupling
conductance in differentiating fibers, and slightly improved
postnatal epithelial cell proliferation rates, demonstrating
the partial ability of Cx46 to substitute for Cx50 [22,23].
Therefore, we sought to examine whether certain Cx50 KO
fiber cell defects that we had observed previously were also
restored in Ki lenses. These defects included regions of disorganized fibers, atypical F-actin distributions, mistrafficking
of Cx-associated proteins, small-sized GJ plaques, and lack of
mature BSs [24]. Our results show that many but not all Cx50
KO phenotypes were rescued, which may partially explain
the beneficial effects of knocking-in Cx46.
METHODS
Animals: Mouse care and breeding were performed according
to the Animal Care and Use Committee (ACUC)-approved
animal protocol (University of California Berkeley) and
the Association for Research in Vision and Ophthalmology
(ARVO) Statement for the Use of Animals in Ophthalmic and
Vision Research. Gja8−/− mice and Ki mice expressing four
alleles of Cx46 were described previously and maintained in
the C57BL6/J background [14,21]. The C57BL6/J strain was
also used for WT mice.
Immunohistochemistry: Mouse eyes were collected immediately after euthanasia by CO2 inhalation. Lenses were
dissected into PBS (137 mM NaCl, 2.7 mM KCl, 10 mM
Na2HPO4, 1.8 mM KH2PO4, pH 7.4) and then immersed into
4% paraformaldehyde (PFA; Electron Microscopy Sciences,
Hatfield, PA) in PBS at 37 °C for 30 min. After fixation,
lenses were washed 3X with PBS and cut into 150-μm-thick
sections with a vibratome (Leica VT1000 S; Leica, Wetlar,
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Germany). Sections were then postfixed with 4% PFA in
PBS for 2 min at room temperature and washed 3X with PBS
before staining.
All sections were permeabilized and blocked in PBS
(3% w/v bovine serum albumin [BSA; Research Products
International, Prospect, IL], 3% v/v normal goat serum
(Vector Laboratories, Burlingame, CA), 0.3% v/v Triton
X-100 [Sigma-Aldrich, St. Louis, MO] in PBS) for 1 h. For
antibody labeling, sections were antigen retrieved in 10 mM
sodium citrate and 0.05% v/v Tween 20 (Sigma-Aldrich) at
80 °C for 30 min and then washed 3X with PBS. Primary
antibodies diluted 1:100 in PBS were added overnight at 4 °C.
The antibodies included, rabbit anti-Cx4626, mouse anti-βDys
(MANDAG2[7D11]; Developmental Studies Hybridoma
Bank, Iowa City, IA), and rabbit anti–zonula occludens-1
(ZO-1; 40–2,200; Thermo-Fisher, Waltham, MA). After
primary antibody labeling, sections were washed 4X in
0.1% v/v Tween-20 in PBS and then incubated overnight at
4 °C with fluorescently labeled secondary antibodies (1:100
in PBS) and rhodamine–wheat germ agglutinin (WGA;
Vector Laboratories, Burlingame, CA; 1:100 in PBS). The
sections were finally washed 4X with 0.05% v/v Tween-20
in PBS and mounted in VECTASHIELD Antifade Mounting
Medium with 4’,5-diamidino-2-phenylindole (DAPI; Vector
Laboratories). Sections without antibody staining did not
undergo antigen retrieval and were labeled with rhodamineWGA (1:100) or fluorescein isothiocyanate (FITC)-phalloidin
(1:100; Thermo-Fisher) overnight at 4 °C before washing and
DAPI labeling. The 8-week-old lenses used for Cx46 labeling
were fixed for 20 min at 37 °C and were not subjected to postfixation or antigen retrieval. All the labeling was performed
on three or more independent samples, with multiple images
per sample collected by confocal microscopy (LSM 700;
Zeiss, Jena, Germany).
Fiber morphometrics: Fiber long-side widths were measured
on images from three independent samples of each genotype. We outlined a 50 μm × 50 μm square on each image,
beginning about 40 μm in from the epithelial-fiber interface.
Within these squares, we measured the distance between
opposite vertices of each fiber cell along a line parallel to the
long side of the cross-section using ZEN software (Zeiss).
This resulted in 100 or more measurements per image. Statistical comparison of 3-week-old WT and Ki fiber long-side
widths was performed using the Student t test. Statistical
comparison of 8-week-old WT, Cx50 KO, and Ki fiber
widths was performed using one-way analysis of variance
(ANOVA). Gaussian curves were graphed based on the equation Aαe –b, where A = total area of histogram, α = (2πσ2) –0.5,
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b = (x – µ) (2σ ) , σ = standard deviation of fiber widths, and
µ = mean of fiber widths.
2

2 −1

RESULTS
Fiber cell and F-actin organization in 3-week-old lenses:
In our previous study, we found regions in 3-week-old Cx50
KO lens sections with defects in fiber organization and
F-actin distribution [24]. Therefore, we examined whether
these phenotypes persisted in Ki lenses that also lacked
Cx50. Cross-sections of WT lenses showed that fibers were
radially aligned into rows, with little variation in size and
shape, and F-actin staining was concentrated on and around
the vertices of each fiber (Figure 1A). Ki fibers had WT-like
F-actin enrichment at their vertices but displayed variations
in size, with disordered alignment of rows (Figure 1B). Our
quantification showed that the average fiber cell long-side
width from Ki and WT lenses was similar, but Ki fibers had
a much broader distribution in size (Figure 1C-D). Therefore,
the misalignment appeared to be due to nonuniform fiber
sizes.
Partial rescue of gap junction and ball-and-socket structures: Loss of Cx50 disrupted BS maturation and prevented
the formation of large Cx46 GJ plaques, while loss of Cx46
did not noticeably affect BS or Cx50 GJ plaque assembly
[24]. We examined whether BS or large GJ plaques could be
restored in Ki lenses. In 3-week-old WT samples, we identified BS as regions of weakened WGA labeling, where one
fiber membrane bulged into its neighboring fiber (Appendix
1). Intense and continuous Cx46 staining appeared on BS.
Smaller stretches of Cx46 labeling were centered on the “flat”
portions of the long sides of the hexagonal fibers. Cx46 was
also dotted along the narrow sides of the fibers (Figure 2A).
BSs were not seen in every field of view, but at the same
time, they were not difficult to locate in any WT sample.
In contrast, most regions of Ki samples showed little-to-no
BSs (Appendix 1, Figure 2B). However, BSs enriched with
Cx46 were occasionally observed in limited areas (Appendix
1, Figure 2C). We did not see any obvious anterior–posterior
bias in the density of BSs. Outside of BSs, Ki Cx46 plaques
were larger than the more punctate WT plaques (Figure 2B).
We previously observed occasional regions in Cx50 KO
lenses where small, balloon-like structures adjacent to the
long side of fiber membranes formed [24]. They resembled
small BSs that were being pinched off at their base. Such
structures were rarely observed in 3-week-old Ki lenses.
Thus, Ki lenses form large Cx46 GJ plaques with limited BSs.
Lack of connexin-associated protein localization to gap
junctions: The multifunctional protein ZO-1 was previously
shown to interact with Cx46 and Cx50, but its specific roles
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in the lens are unknown [25,26]. We found ZO-1 on the apical
side of the epithelial layer and the vertices of peripheral
fiber cells in WT samples (Figure 3A). Inner fibers (about
150–200 µm in depth) revealed a Cx-like staining pattern,
including on BSs (Figure 3B). In contrast, ZO-1 in Cx50 KO
lenses appeared in fiber cell nuclei and was undetectable in
inner cortical fibers, suggesting an important role for Cx50
in determining ZO-1 distribution [24]. Interestingly, Ki lenses
had an intermediate phenotype of ZO-1 distribution. ZO-1
was present on fiber vertices and absent in the nuclei of the
most peripheral fibers, like in the WT (Figure 3C). However,
like in Cx50 KO lenses, ZO-1 did not appear with a Cx-like
pattern in Ki inner fibers (Figure 3D).
β-Dystroglycan (βDys) is a transmembrane glycoprotein
that links the extracellular matrix (ECM) to the cytoskeleton
and is important for structural integrity in various tissues [27].
Its role in lens fibers is also unknown. βDys labeled the basal
membrane of lens epithelial cells and on fiber membranes
with a Cx-like pattern in WT lenses (Figure 4A-B). In
the Cx50 KO, βDys labeling occurred in fiber nuclei and
diffusely over fiber cell membranes but showed no Cx-like
staining [24]. Like ZO-1, βDys showed an intermediate
phenotype in Ki lenses. It was found on the basal membrane
of the epithelium, weakly over fiber cell membranes, but no
longer in fiber cell nuclei nor with a Cx-like pattern on Ki
fibers (Figure 4C-D).
Restored fiber cell organization in 8-week-old lenses: We
next investigated whether some observed fiber cell phenotypes changed with age by imaging 8-week-old lenses. The
organizations of peripheral fibers in Cx50 KO and Ki lenses
were much improved when compared to those at 3 weeks.
Radially stacked fiber rows were evident throughout the
samples. In addition, enrichment of F-actin at the tricellular
vertices of Ki and WT mice often appeared reduced when
compared to their 3-week-old counterparts (Figure 5A-C). We
measured WT, Cx50 KO, and Ki fiber cell long-side widths
and found that they had similar size distributions and average
widths, which is consistent with the improvement in fiber
organization with age (Appendix 2).
Varied ball-and-socket morphologies in 8-week-old lenses:
We examined 8-week-old WT, Cx50 KO, and Ki lenses to
determine whether BS morphology and distribution changed
with age. BS in WT lenses at 8 weeks resembled those at
3 weeks (Figure 6A). Eight-week-old Cx50 KO fibers had
balloon-like structures in their cytosols like those seen in
3-week-old KO lenses (Figure 6B). Ki lenses showed diverse
structures, including typical BSs, abnormally lengthened
and curved BSs, and balloon-like structures (Figure 6C).
BSs appeared more commonly in 8-week-old Ki lenses than
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Figure 1. F-actin distribution and fiber sizes in 3-week-old wild-type (WT) and knock-in (Ki) lenses. Images of cortical fibers from equatorial
sections stained with phalloidin for F-actin (green) and 4’,5-diamidino-2-phenylindole (DAPI) for DNA (blue). A: WT hexagonal fibers
are arranged in parallel rows with F-actin enriched at their vertices. B: Ki fibers do not have the same precise organization, but F-actin
is still enriched at the vertices. Compared to WT, the widths (long axis lengths of hexagons) of Ki fibers were not uniform. Arrowheads
and asterisks denote examples of short and tall fibers, respectively. Scale bar: 10 μm. C: Plot of the average fiber cell long-side widths
from images of three WT and three Ki samples. Circles denote average fiber cell long-side width from individual samples, with error bars
denoting standard deviations. Horizontal lines denote the mean of the three sample averages. The means from WT and Ki samples were not
significantly different (p>0.25). D: Histogram compiling the distribution of fiber cell widths from the three WT and Ki samples shows that
Ki fibers have a much broader distribution of widths compared to WT. Dashed lines represent Gaussian curves calculated from the mean
(µ) and standard deviation (σ) of WT and Ki fibers (µWT = 10.9 μm, σWT = 1.1 μm, μ Ki = 11.5 μm, σKi = 2.6 μm).
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Figure 2. Retention of ball-and-sockets (BSs) at 3 weeks. A: Wild-type (WT) sample showing BSs (arrowheads) as connexin 46 (Cx46)enriched areas where one fiber has invaginated into a neighboring fiber. Small Cx46 gap junction (GJ) plaques (arrows) appeared on the
long and narrow sides of fibers outside of the BSs. B: Most regions of knock-in (Ki) fiber sections showed few to no structures resembling
BSs, but many large Cx46 GJ plaques are apparent (arrows). C: Some limited regions still appeared to have Cx46-enriched BS structures
(arrowheads). Scale bar: 5 μm.

in 3-week samples. F-actin labeling was absent or weak
compared to adjacent membrane regions on both BSs and
balloons (Figure 6A-C). The Cx46 staining results on 8-weekold samples show that only BSs contained enriched Cx46,
while balloons had little or no Cx46 signal. Occasionally, a
Cx46 signal appeared near the base of the balloons (Figure
6D-G). Ki of Cx46 seemed to partly restore BS with Cx46
GJs.

DISCUSSION
Whole-lens phenotypes, physiologic measurements, and cellproliferation data for Ki mice have consistently shown that
Ki of Cx46 can only partially rescue the defects observed
in Cx50 KO lenses [21-23]. The same theme follows in the
context of cortical lens fibers: Only certain fiber cell phenotypes are rescued.

Figure 3. Zonula occludens-1 (ZO-1) distribution. A: In wild-type (WT) samples, ZO-1 localized to the epithelial–fiber interface and to the
vertices of the most peripheral fibers. B: ZO-1 staining was enriched on the long and short sides of inner cortical fibers (about 150–200 μm
from the surface) with a connexin (Cx)-like staining pattern. C: ZO-1 appeared on the epithelial–fiber interface and the vertices of knock-in
(Ki) peripheral fibers. D: ZO-1 was not detected in inner cortical fibers of Ki lenses. Scale bars: 5 μm.
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Figure 4. β-Dystroglycan (βDys) distribution. A: In wild-type (WT) samples, βDys localizes to the basal side of epithelial cells and on fiber
membranes. The strongest βDys signals have a connexin (Cx)-like staining pattern on fiber membranes. B: In WT inner cortical fibers, βDys
displayed Cx-like staining. C: In knock-in (Ki) samples, βDys is similar to WT samples in peripheral fibers, but lacks Cx-like staining. D:
In Ki inner cortical fibers, βDys was undetectable. Scale bars: 5 μm.

We associated disorganization observed in regions of
Cx50 KO lenses with reduced F-actin enrichment at fiber
vertices. This premise was supported by previous connections
between cytoskeletal defects and organization defects [28-31].
Even so, peripheral fibers of 3-week-old Ki lenses were also
disorganized, despite showing normal F-actin distributions.
Meanwhile, normal F-actin distribution and fiber organization were observed in 3-week-old Gja3−/− (Cx46 KO) lenses
[24]. These observations point to Cx50 having a specific
role in establishing or maintaining fiber organization. Cx50
was shown to interact with the cell-adhesive water channel,
aquaporin 0 [32], so one possibility is that Cx50 GJs provide
cell–cell adhesion cues that help orient fibers relative to one
another. Another possibility is that Cx46 provides adhesion
cues that are disrupted by the increased size and spacing of
the Ki’s Cx46-plaques. Finally, our results indicate that fiber
organization is consistently better in 8-week-old lenses. The
reduced effect on fiber phenotypes with age in Cx50-deficient
lenses is consistent with previous results which showed that
the weight ratios of WT to Cx50 KO lenses became constant
by 8 weeks and that epithelial cell proliferation in Cx50 KO
mice was mostly reduced in the early postnatal period [13,15].
Therefore, the roles of Cx50 appear to become less essential
after the rapid growth phase of young lenses. The remaining
Cx46 seems sufficient to support the slower growth rate of
peripheral fibers in older Cx50 KO lenses.

BS structures are believed to promote rapid communication through GJs in the actively elongating and maturing
cortical fibers [9]. GJs associated with BSs even have a
different ultrastructure than GJs not on BSs, implying a
specific function [33]. Our earlier results showed that loss
of Cx50, but not loss of Cx46, led to loss of mature BSs and
potentially contributed to the Cx50 KO growth defect [24].
Interestingly, the increased quantities of Cx46 in Ki lenses
did result in the presence of limited BSs, meaning that BSs
are not strictly Cx50-dependent structures. However, their
limited occurrence in 3-week-old samples indicates that
Cx46 BSs do not develop as readily as in Cx50-containing
lenses. The presence of balloon-like structures in 3- and
8-week-old Cx50 lenses and 8-week-old Ki samples further
indicates a handicapped ability of Cx46 to support BSs. The
balloons may represent BS-like structures that did not acquire
adequate GJs. Past studies showed that BSs can be initiated
without Cx enrichment [9], possibly through a mechanism
involving actin and clathrin [34]. If BS initiation is Cx independent, then our results point to Cx46 either having a lower
affinity for BSs or having a lower ability to sustain them.
We currently do not know why 8-week-old Ki lenses have
increased BSs and balloons. Regardless, the observed partial
rescue of BSs could contribute to the increased size of Ki
lenses compared to Cx50 KO lenses.
The significant exclusion of F-actin from both balloons
and BSs points to their having similar origins and may be
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an important trait for their formation or growth. Spherical
membrane protrusions known as blebs form during various
cellular processes and occur at sites where the cortical actin
network is separated from the membrane. Bleb growth is
driven by intracellular pressure and cortical tension [35,36].
Similarly, the depleted cortical actin under GJs in the lens
may provide regions that are more susceptible to adopting
or maintaining curvature, especially if local membrane/
cortical tension differs between the linked cells. This is a
potential explanation for why asymmetric BSs would be
sustained—especially considering GJs should be approximately symmetric and have no significant underlying actin
cytoskeletal support, unlike lens fiber protrusions and neural
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dendrites [37,38]. (Note: BSs still form in the beaded filament
deficient 129/SvJ mouse strain, suggesting that intermediate
filaments are not responsible for maintaining BS asymmetry
either.) Interestingly, in primates, where actin does associate
with GJs after the superficial cortex, BSs do not expand to
the sizes seen in mice and rabbits [8,39]. Actin exclusion
is also an explanation for the lack of mature BSs in Cx50
KO lenses: Loss of large-area GJs and corresponding actindepleted regions would mean fewer areas that would be prone
to expansion of bleb-like structures. Blebs are also regions
where membrane components can rapidly diffuse [40], which
could promote GJ growth in the case of lens fibers. Gaps
in lens fiber cortical actin–spectrin networks are associated

Figure 5. Fiber organization in
8-week-old lenses. A: Wild-type
(WT) lenses retain well-organized,
radially stacked rows of fiber cells
in 8-week-old lenses. B: Disordered
fiber cell regions are no longer
commonly observed in connexin 50
(Cx50) knockout (KO) lenses at 8
weeks. C: Eight-week-old knock-in
(Ki) lenses showed typical organization of overlaid fibers. Scale bar:
10 μm.
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Figure 6. Ball-and-sockets (BSs) in 8-week-old lenses. A: BS (arrowheads) in 8-week-old wild-type (WT) lenses resemble those at 3 weeks.
B: Connexin 50 (Cx50) knockout (KO) lenses have balloon-like structures (asterisks) that resemble BSs that are pinched at their base. C:
Knock-in (Ki) lenses have BSs (arrowheads) and balloon-like structures (asterisks). D-F: Cx46 is enriched on BSs (arrowheads) but absent
or nearly absent from balloon-like structures (asterisks). Images taken approximately 100 μm from the sample edge. Scale bar: 5 μm. G:
Schematic of Cx46 (green) and F-actin (magenta) distributions relative to BSs and balloons in 8-week-old WT, Cx50 KO, and Ki lenses.
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with GJs [41], suggesting that GJs mediate F-actin exclusion.
However, the lack of significant quantities of GJs in the actindepleted balloons implies that a GJ-independent process may
also occur.
Interactions between Cx and the postsynaptic density 95/
Drosophila disk large/ZO-1 (PDZ)-domain containing protein
ZO-1 are varied and cell-type dependent. ZO-1 has roles in
GJ assembly, disassembly, and remodeling that depend on
cell type, Cx isoform, and posttranslational Cx modifications
[25,42-44]. Our results in Ki and Cx50 KO mice all indicate
that Cx50 is required for enrichment of ZO-1 to GJs on inner
cortical fibers. The depth at which ZO-1 enrichment occurs
coincides with significant modifications to Cx46 and Cx50,
including truncation of their C-terminals, which contain
their PDZ-binding motifs [45,46]. Therefore, ZO-1 may act
to initiate these remodeling events [25]. Interestingly, truncation of Cx46 C-termini is significantly delayed in Ki lenses,
so even with a PDZ-binding motif that remains intact, Cx46
did not promote ZO-1 colocalization [47]. Our results also
indicate that ZO-1 may be unessential to BSs. Interactions
between Cx46 and ZO-1 were previously shown by coimmunoprecipitation [25]. We suspect that the nature or amount of
Cx46–ZO-1 interactions is such that we are unable to clearly
detect them by immunofluorescent imaging.
Both the Cx50 KO and Ki results indicate that βDys
enrichment at GJs also requires the Cx50 isoform. However,
βDys’s role in fiber cells and relation to Cx are unknown.
Dystroglycan is associated with complexes that link the actin
cytoskeleton to the ECM [48] and is important for the clustering of certain transmembrane proteins [49,50]. However,
neither actin nor ECM components are associated with fiber
GJs, and Dystrophin (Dp71), a common partner for βDys,
does not show a similar GJ-enriched staining pattern in the
lens [51]. Therefore, fiber GJ-associated βDys may have an
atypical function. No Cx isoforms have been reported to
directly interact with βDys. Double KO of Cx30 and Cx43
reduces hippocampal levels of βDys, but this occurs through
an unelaborated pathway [52]. Decreased βDys was observed
in aged Ankyrin-B+/− mice, although the mechanism of
this disruption and its effects on Cx, if any, require further
study [53]. Therefore, the mechanism associating βDys with
Cx50-associated GJs remains to be determined.
Importantly, the products of Cx46 alleles expressed from
Cx50 loci (Cx4650) may not be equivalent to Cx46 expressed
from its native loci (Cx46 46). Previous work showed that
conductance through peripheral fibers is pH insensitive in
Cx50 KO mice, implying that Cx4646 is pH insensitive in the
absence of Cx50 [54]. However, Martinez-Wittingham et al.
showed that conductance in WT and Ki peripheral fibers is
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pH sensitive, suggesting that Cx4650 is pH sensitive and can
induce pH gating of Cx4646. They posited that these inconsistent pH behaviors could be the result of different posttranslational processing steps acting on Cx4650 and Cx4646
[23]. Therefore, we need to keep in mind that there may be
separate pools of Cx46 that could be responsible for some of
the phenotypes we observed.
In summary, our results provide further insight into the
distinct and redundant functions of Cx50 and Cx46 in peripheral lens fibers. Cx46 supplementation can only partially
restore WT-like lens fiber phenotypes to mice lacking Cx50.
Fiber organization and BS maturation defects remain, especially in young (3-week-old) mice. Discovering the biomolecules that are essential to BS formation or maturation will be
critical to further understanding whether they serve a unique
function.
APPENDIX 1. IDENTIFICATION OF BS WITH WGALABELING.
To access the data, click or select the words “Appendix 1.”
(A) BS are identifiable in WT samples as regions of weakened WGA staining where one fiber appears to bulge into its
neighbor. (B) Most regions of 3-wk-old Ki samples had very
few obvious BS. (C) Limited regions of 3-wk-old Ki samples
had higher densities of BS-like structures. Arrowheads
denote BS. Scale bar: 5 μm.
APPENDIX 2. 8-WK-OLD FIBER CELL LONG-SIDE
WIDTHS.
To access the data, click or select the words “Appendix 2.”
The mean fiber cell long-side widths (circles) for each of three
samples from WT, Cx50 KO, and Ki lenses. Error bars denote
standard deviations. Horizontal lines denote the average
of the three sample averages for each genotype. One-way
ANOVA suggests no significant differences in average fiber
width between the three genotypes (p>0.6).
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