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PURPOSE. Although many connexin46 (Cx46) mutants have been linked to inherited human
cataracts, there are no adequate animal models for their study. The current experiments were
designed to characterize the consequences of expression of one such mutant, Cx46fs380, in
the mouse lens.

METHODS. Mice expressing Cx46fs380 were generated by a knockin strategy. Levels and
distribution of specific proteins were analyzed by immunoblotting and immunofluorescence.

RESULTS. Dark-field microscopy revealed that lenses of young heterozygous and homozygous
Cx46fs380 mice did not have opacities, but they developed anterior nuclear cataracts that
became more severe with age. Immunofluorescence and immunoblotting showed that Cx46
was severely reduced in both heterozygous and homozygous Cx46fs380 lenses at 1 month of
age, whereas immunoreactive connexin50 (Cx50) was moderately decreased. The reduction
in Cx50 became more severe in older lenses. The solubilities of crystallins from young wild-
type and fs380 mice were similar, but older fs380 lenses exhibited abnormalities of
abundance, solubility, and modification of some crystallins.

CONCLUSIONS. Major decreases in connexin levels precede the development of cataracts. These
mice represent a useful model for elucidation of the progression of lens abnormalities during
cataractogenesis especially as caused by a mutant connexin.
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Cataracts are a leading cause of visual impairment.1–3 The
pathogenesis of cataracts of different etiologies may be

elucidated by studying the forms caused by single gene
mutations. Congenital cataracts have been linked to mutations
of genes encoding many of the major lens proteins, including
crystallins, membrane proteins, and transcription factors.4,5

Most bilateral nonsyndromic congenital cataracts are inherited
according to an autosomal dominant pattern.5

The lens fiber connexins, Cx46 (GJA3) and Cx50 (GJA8), are
prominent among the genes whose mutations cause cataracts.6

Connexins form intercellular channels clustered within struc-
tures called gap junctions that allow the direct transfer of
cytoplasmic ions and small (<1 kDa) solutes between adjacent
cells. Because adult lens cells have no direct blood supply, gap
junction channels are critical for the circulation of water and
solutes within the lens.7,8 Their important contributions to lens
homeostasis and transparency are corroborated by the devel-
opment of cataracts in mice with homozygous deletion of
either lens fiber connexin.9,10

Unfortunately, detailed studies of the pathways involved in
the pathogenesis of human mutation-linked cataracts or the
time course of their development are not feasible using human
lenses, because cataracts are not removed until they are rather
severe, and the integrity of the lens is typically destroyed during
extraction. Therefore, it is necessary to develop and utilize
model systems for their study.

We and other investigators have used exogenous expression
systems to characterize the behavior of human lens connexin
mutants associated with autosomal dominant cataracts. These
studies have shown that most of the mutants do not traffic
properly to the plasma membrane and/or do not form
functional channels.6 One such mutant (Cx46fs380) has a

frame shift (caused by a nucleotide insertion) within the coding
region of Cx46 leading to the production of an 87 amino acid
long aberrant sequence in the carboxyl terminus starting from
amino acid residue 380.11 This abnormal sequence (which
contains a retention/retrieval signal) causes the localization of
fs380 within the cytoplasmic biosynthetic/secretory pathway.12

Several mouse models have been developed to replicate
human connexin mutations that cause diseases of some other
organ systems.13–17 However, there are few mouse lines that
mimic the human lens Cx50 mutants18,19 and none that
correspond to human Cx46 mutations. Therefore, to examine
the effects of Cx46fs380 within the intact organism, we
generated a mouse model in which we replaced the DNA
sequence encoding wild-type Cx46 with a DNA sequence
encoding Cx46fs380.

In this paper, we describe the results of our studies of the
gross appearance of the lenses of these mice and several of
their cellular and biochemical characteristics.

MATERIALS AND METHODS

Generation of Cx46fs380 Knockin Mice

Cx46fs380 mice were generated as detailed in the Supplemen-
tary Methods such that the region encoding the first 365 amino
acids of mouse Cx46 was followed in-frame by the DNA
sequence coding for the aberrant amino acid sequence in
human Cx46fs380.11 These mice were maintained in a mixed
129/C57BL6 background that was free of phakinin (CP49)
mutations. Correct genomic DNA recombination was con-
firmed by Southern blotting, and mutant expression was
confirmed by RT-PCR. All animal procedures were performed
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in accordance with the ARVO Statement for the Use of Animals
in Ophthalmic and Vision Research and followed the Institu-
tional Animal Care and Use Committee guidelines from the
University of Chicago.

Light Microscopy Analysis

Dark-field photomicrographs of lenses from different-aged
mice were obtained using a Zeiss Stemi-2000C dissecting
scope (Carl Zeiss, München, Germany).

Immunoblotting and Immunofluorescence

Connexins, other lens membrane proteins, and crystallins were
detected by immunoblotting19–21 and immunofluores-
cence19,22 as previously described. (See the Supplementary
Methods for a detailed description.)

RESULTS

Generation of Cx46fs380 Knockin Mice

To study the effects of expression of the Cx46 mutant,
Cx46fs380 (called fs380 for simplicity), we used homologous
recombination to generate ‘‘knockin’’ mice expressing the
mutant protein from the Cx46 locus (Fig. 1A). Southern blot
hybridization demonstrated successful homologous recombi-
nation. A single band of 11,032 bp was detected in samples
from wild-type animals. Samples from homozygous fs380 mice
showed a 5921-bp hybridizing band (expected for fs380

recombination), whereas samples from heterozygous animals
showed two hybridizing bands with sizes corresponding to the
wild-type and fs380 alleles (Fig. 1B).

Expression of wild-type and mutant Cx46 messenger RNAs
was confirmed by RT-PCR. We obtained an amplicon of the
expected wild-type size (345 bp) in samples from wild-type
mice and a DNA band of the expected fs380 size (447 bp) in
samples from homozygous fs380 mice. Amplicons of both sizes
were detected in heterozygous animals (Fig. 1C). The correct
identities of these amplicons were confirmed by sequencing.

Cataracts Develop Late in fs380-Expressing Mice

To determine whether fs380 expression led to cataract
formation, we examined lenses from heterozygous and
homozygous fs380 animals under dark-field illumination and
compared them to those of wild-type mice. Lenses of
heterozygous and homozygous fs380 mice showed no obvious
opacities at 1 month of age (not shown). Cataracts were
detected in homozygous fs380 animals at 2 months of age and
thereafter. Cataracts were first observed in some heterozygotes
at 4 months of age and were found in all heterozygous mice at
older ages (Fig. 2). The cataract was anterior nuclear and was
initially composed of small opacities that followed a ‘‘Y’’ shape.
It became more complex and progressively worse with age
(Fig. 2). Lenses from homozygous mice and many older
heterozygotes also showed concentric rings that were partic-
ularly evident at 7.7 months (Fig. 2). There was no apparent

FIGURE 1. Generation of knockin Cx46fs380 mice. (A) Diagram showing a portion of chromosome 14 (gDNA) containing the coding region of
mouse Cx46 and adjacent segments, the targeting vector, and the expected recombinant genomic DNA. The targeting vector contained the self-
excising pACN cassette flanked by loxP sites (right-pointing triangles) and the A subunit of the diphtheria toxin gene under the control of the
phosphoglycerate kinase 1 promoter (pgk-DTA) for negative selection. The locations of AvrII (A), EcoRI (E), and HindIII (H) restriction sites are
indicated. (B) Southern blot of genomic DNA prepared from tail biopsies of wild-type (þ/þ), Cx46fs380 heterozygous (þ/fs380), and homozygous
(fs380/fs380) mice digested with AvrII using a 50 UTR probe (short bar in [A]). The expected wild-type AvrII fragment is 11,032 bp, and the
expected recombinant AvrII fragment (after pACN cassette excision) is 5921 bp. (C) Gel containing electrophoresed products from RT-PCR
performed using primers flanking the introduced aberrant fs380 DNA sequence and total lens RNA from wild-type (þ/þ), heterozygous (þ/fs380),
and homozygous (fs380/fs380) mice showing the presence of the wild-type amplicon (345 bp) in the samples from wild-type and heterozygous
animals and of the fs380 amplicon (447 bp) in RNA from heterozygous and homozygous mice. The first lane shows the DNA bands of a 100-bp
ladder. The migration positions of the 1500, 500, and 100 bp standards are indicated on the left.
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difference in lens size between wild-type animals and mice
expressing fs380 (Fig. 2).

Expression of fs380 Decreases Lens Fiber
Connexins

To test whether expression of fs380 affected Cx46 levels, we
performed immunoblots on total lens homogenates prepared
from 1-month-old mice. Levels of Cx46 were dramatically
decreased in both heterozygous and homozygous fs380 mice
(Fig. 3). They comprised <2% and <1% of wild-type values in
heterozygotes and homozygotes, respectively (Fig. 3).

The dramatic decrease in Cx46 was also evident in lens
sections studied by immunofluorescence staining using anti-
Cx46 antibodies (and TRITC-conjugated phalloidin [Sigma-
Aldrich Corp., St. Louis, MO, USA] to delineate the cell
margins). Sections from wild-type lenses showed intense Cx46-
immunoreactive puncta in many fiber cell layers that extended
from the periphery toward the center of the lens. In contrast,
only a few Cx46-immunoreactive puncta of lower intensity
were detected in heterozygous fs380 lenses, and nearly none
were observed in homozygotes (Fig. 4).

We also examined the immunolocalization of Cx46 in the
lens epithelium, because its distribution in lens epithelial cells
has not previously been reported (although in Cx46 knockout
[Cx46KO or Cx46-null] mice, in which the b-galactosidase
sequence disrupts much of the Cx46 coding region, low levels
of Cx46 expression have been detected by using b-galactosi-
dase staining of lens sections).9 We detected some Cx46
immunoreactivity in epithelial whole mounts of wild-type

lenses. Some of the Cx46-immunoreactive puncta were
interspersed with N-cadherin immunoreactivity confirming its
plasma membrane localization; however, many of the bright
immunoreactive puncta did not colocalize with N-cadherin
(Fig. 5A; shown at higher magnification in Supplementary Figs.
S1A–C). Since lens epithelial cells express Cx43,23 we
performed double-label immunofluorescence and demonstrat-
ed that only a few of the Cx46 puncta overlapped with Cx43
(Fig. 5B, Supplementary Figs. S1D–F).

The presence of Cx46 in the epithelium of wild-type lenses
led us to test whether expression of fs380 also affected
epithelial Cx46. Double-label immunofluorescence showed the
near total absence of Cx46 immunoreactivity in whole mounts
of lens epithelia from heterozygous and homozygous fs380
mice without obvious changes in the distribution of Cx43 (Fig.
5). Because expression levels of Cx46 in these cells were low
and most of the Cx46 puncta localized intracellularly, it is
possible that Cx46 resides in a compartment that is not
accessible for oligomerization with Cx43 as occurs in
osteoblastic cells,24 and therefore expression of Cx46fs380
had little effect (if any) on Cx43.

Because Cx50 is coexpressed with Cx46 in lens fiber cells
and these two connexins can co-oligomerize,25,26 we tested
whether expression of fs380 affected Cx50. Immunoblots of
lens homogenates showed decreased levels of Cx50 in
heterozygous and homozygous fs380 lenses compared with
the values obtained from wild-type lenses. At 1 month of age,
lenses of heterozygous and homozygous mice contained on
average 63% and 29% (respectively) of the amounts in wild-
type lenses (Fig. 6). This decrease became more pronounced

FIGURE 2. Expression of Cx46fs380 leads to progressive formation of cataracts. The lenses from wild-type (þ/þ) and Cx46fs380 heterozygous
(þ/fs380) and homozygous (fs380/fs380) mice at 2, 4, and 7.7 months of age were photographed using dark-field illumination. For age 4 months,
lenses from two different heterozygous mice are shown to illustrate that some (left: þ/fs380) had no opacities, while others (right: þ/fs380) had
small cataracts. For 2 and 7.7 months, homozygous lenses are shown from different views to illustrate the anterior nuclear position of the cataracts.
When photographing the 2-month-old homozygous lenses, the illumination was adjusted to better demonstrate the cataract. Scale bar: 1.18 mm,
except for the side view of the 2-month-old fs380/fs380 lens in which it is 1.48 mm.
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with age. At 7.7 months of age, Cx50 levels were reduced on
average to only 29% (heterozygotes) and 3% (homozygotes) of
wild-type values (Fig. 6).

We analyzed whether the distribution of lens Cx50 was
affected by expression of fs380 by performing double-labeling
immunofluorescence. In heterozygous and homozygous fs380
animals, Cx50 localized to puncta at appositional membranes
in a distribution similar to that seen in wild-type (Fig. 7,
Supplementary Fig. S2). However, the intensity of the Cx50-
immunoreactive signal was decreased in sections from 1-
month-old heterozygous and homozygous fs380 mice (Fig. 7).
This diminution was particularly evident in the most superficial
cortical fiber cells (Fig. 7, left). In wild-type lenses, these cells
contained many bright Cx50 puncta that appeared close
together; in contrast, mutant lenses (especially those of
homozygotes) contained fewer bright puncta, and the puncta
appeared farther apart from each other (Fig. 7). In lenses of 5.6-
month-old mice, the Cx50-immunoreactive puncta were
smaller, dimmer, and more sparsely distributed in both
heterozygous and homozygous fs380 lenses as compared with
wild-type lenses (Supplementary Fig. S2).

Expression of Cx46fs380 Affected Some Other
Plasma Membrane Proteins

We also evaluated the possible effect of fs380 expression on
levels and distribution of the major intrinsic protein, aqua-
porin0 (AQP0). Although exhibiting some variability among
different individuals of the same genotype, average levels of
AQP0 were not very different between wild-type and
heterozygous or homozygous fs380 mice (Fig. 8A). The
distributions of AQP0 were similar in fs380 and wild-type
lenses (Fig. 8B).

Additionally, we determined levels of the cell adhesion
molecule, N-cadherin, which is present in all lens cells.27 No

consistent changes in levels of N-cadherin were detected in
lenses from 1-month-old heterozygous and homozygous fs380
mice (Fig. 9A), but N-cadherin levels were consistently
decreased in 7.7-month-old homozygotes (Fig. 9B). The
distributions of N-cadherin in epithelial and fiber cells were
similar among all genotypes (Figs. 5, 7).

Denucleation Is Unaffected by Expression of
Cx46fs380

Since differentiation of lens cells (including degradation of
nuclei) is affected by some connexin mutations,19,28,29 we
examined whether expression of fs380 affected denucleation
of fiber cells by staining lens sections of all genotypes with 40,6-
diamidino-2-phenylindole dihydrochloride (DAPI). In lens
sections from wild-type mice, DAPI-stained nuclei localized in
the epithelium and in the equatorial region, and nuclear
remnants localized in differentiating fiber cells as expected. In
fs380 heterozygotes and homozygotes, the distribution of
nuclei and nuclear remnants was indistinguishable from that in
wild-type lenses (Fig. 10).

Expression of Cx46fs380 Leads to Changes in
Some Crystallins

Formation of insoluble aggregates of crystallins is a common
biochemical change in many kinds of cataracts.30 To assess
whether expression of fs380 affected the abundances,
electrophoretic mobilities, and solubilities of crystallins, we
analyzed water-soluble and -insoluble lens fractions by
immunoblotting. At 1 month of age, immunoreactive aA-, aB-,
b-, and c-crystallins fractionated essentially completely within
the soluble fractions (Fig. 11). The electrophoretic patterns of

FIGURE 4. Immunoreactive Cx46 is severely decreased in fiber cells of
Cx46fs380-expressing lenses. Confocal images show the distributions
of immunoreactive Cx46 (green) and filamentous actin (phalloidin,
red) in cross sections from lenses of wild-type (þ/þ), heterozygous
(þ/fs380), and homozygous (fs380/fs380) mice at 1 month of age. The
merged images for the two fluorescence signals are shown on the
right. Scale bar: 39 lm.

FIGURE 3. Levels of immunoreactive Cx46 are dramatically decreased
in Cx46fs380-expressing lenses. Immunoblot shows the levels of
immunoreactive Cx46 in total lens homogenates from 1-month-old
wild-type (þ/þ) and Cx46fs380 heterozygous (þ/fs380) and homozy-
gous (fs380/fs380) mice. The graph shows the densitometric values of
the bands obtained in three independent experiments expressed as
percentages of the values obtained in wild-type animals. The data in
each independent experiment (&, Series 1; �, Series 2; m, Series 3)
have been offset horizontally to show the values of heterozygotes and
homozygotes in all experiments.
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the crystallins did not differ between genotypes. At this age,

the aA-, aB-, and b-crystallins were detected as single bands,

while the c-crystallins resolved as a triplet composed of a

strong doublet and a faster-migrating faint band (Fig. 11).

In older mice (5.2 months), the total levels of aA-, aB, and c-

crystallins did not differ among genotypes (Supplementary Fig.

S3). The aA- and aB-crystallins were exclusively detected in the

soluble fractions (Fig. 12A). Total levels of b-crystallins were

consistently decreased in fs380-expressing lenses (Supplemen-

tary Fig. S3). While a proportion of the b-crystallins (2%) and c-

crystallins (21%) were detected in the insoluble fractions from

the older wild-type lenses (Fig. 12), higher proportions of the

b- and c-crystallins were insoluble in fs380 lenses. The

insolubility was more severe in homozygous than in heterozy-

gous lenses (61% vs. 7% for b-crystallins, 76% vs. 32% for c-

crystallins) (Fig. 12).

In 5.2-month-old samples, the immunoblot pattern of b-
crystallins (under reducing conditions) contained several
bands with faster electrophoretic mobilities than intact
monomeric b-crystallins (Fig. 12A) that likely correspond to
truncated forms. The slowest of these faster-migrating forms
(labeled ‘‘a’’ in Fig. 12A) fractionated with monomeric b-
crystallins in the soluble fraction, but the fastest-migrating
forms (labeled ‘‘b–d’’ in Fig. 12A) were insoluble (Fig. 12A).
The total homogenate and the water-insoluble fraction of these
older lenses also contained a b-crystallin band with a slower
electrophoretic mobility (consistent with modification or
cross-linking) that was barely detectable in wild-type and
fs380 heterozygotes, but was more pronounced in fs380
homozygotes (arrow in Fig. 12A, Supplementary Fig. S3).

Immunoblots of c-crystallins from the older lenses showed
several bands in both the water-soluble and -insoluble
fractions; however, the band with the highest electrophoretic

FIGURE 5. Immunoreactive Cx46 is decreased in epithelia from Cx46fs380-expressing lenses. Confocal images were obtained from whole mounts
of lens epithelia from 1-month-old wild-type (þ/þ) and Cx46fs380 heterozygous (þ/fs380) and homozygous (fs380/fs380) mice that were subjected
to double-label immunofluorescence using anti-Cx46 and anti-N-cadherin antibodies (A) or anti-Cx43 and anti-Cx46 antibodies (B).
Immunoreactivity for Cx46 is shown in green, and immunoreactivities for N-cadherin (A) and Cx43 (B) are shown in red. Scale bar: 23 lm.
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mobility was seen only in the water-insoluble fraction (Fig.
12A, asterisk). The difference in apparent molecular mass of
the c-crystallin bands is consistent with small truncations/
modifications that alter electrophoretic mobility. We did not
observe any immunoreactive fragments that were much
smaller in apparent molecular mass.

DISCUSSION

In this paper, we have shown that expression of the cataract-
linked mutant Cx46fs380 induces progressive cataracts in
heterozygous and homozygous mice. The lenses of these mice
initially did not show opacities, but cataracts became apparent
by 2 months in homozygotes and ‡4 months in heterozygotes.
The first detection of cataracts is relatively later in these mice
as compared with humans heterozygous for Cx46fs380, in
whom cataracts are seen at birth or during infancy.11 Beyond
this difference, the cataract phenotype of fs380 mice
resembles that described in affected members of the family
carrying the Cx46 mutation. The lenses of these individuals
contain coarse and granular opacities in the central zone (fetal
nucleus) and fine dust-like opacities in peripheral regions
(juvenile cortex).11 In the fs380 mouse lenses, the opacities
initially appeared punctate, but at later ages they became
coarser and more extensive, suggesting the merging of distinct
small opacities.

Notably, cellular and biochemical changes of some lens
components were detectable long before the appearance of
cataracts. One early change was the near absence of Cx46 in
both heterozygotes and homozygotes. In cultured cells,

FIGURE 6. Levels of Cx50 decrease in Cx46fs380-expressing lenses.
Immunoblots were performed on total lens homogenates of wild-type
(þ/þ), heterozygous (þ/fs380), and homozygous (fs380/fs380) mice at
1 or 7.7 months of age. The graphs show the quantification of the
bands obtained in three to five independent experiments expressed as
percentages of the values obtained from wild-type animals. The short

horizontal lines indicate the average value for each genotype.

FIGURE 7. Expression of Cx46fs380 decreases the intensity of
immunoreactive Cx50. Confocal images show the distributions of
Cx50 (green) and N-cadherin (red) in sections of lenses from wild-type
(þ/þ), heterozygous (þ/fs380), and homozygous (fs380/fs380) mice at
1.1 months of age. Images on the right show the superposition of the
Cx50 and N-cadherin immunoreactivities as well as DAPI staining of
nuclei. Scale bar: 35 lm.

FIGURE 8. Levels and distribution of AQP0 are not affected in
Cx46fs380-expressing lenses. (A) Immunoblots show levels of AQP0 in
total lens homogenates from wild-type (þ/þ), heterozygous (þ/fs380),
and homozygous (fs380/fs380) mice at 7.7 months of age. The
intensities of the immunoblot bands were quantified by densitometry
in three independent experiments and graphed as percentages of the
values obtained in wild-type animals. The short horizontal lines indicate
the average value for each genotype. (B) Confocal images show the
distribution of AQP0 immunoreactivity in cross sections from wild-type
(þ/þ), heterozygous (þ/fs380), and homozygous (fs380/fs380) lenses
from 5.6-month-old mice. Scale bar: 14 lm.
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Cx46fs380 does not traffic properly to the plasma membrane;
rather it is confined within cytoplasmic compartments of the
biosynthetic pathway.12 In many cells, transmembrane and
secreted proteins that do not traffic properly (like Cx46fs380)
are recognized and degraded through ‘‘quality control’’
mechanisms. These mechanisms might produce significant
Cx46fs380 degradation in lens cells (but their recognition/
degradative capacity may have been overwhelmed in trans-
fected HeLa cells). Moreover, in the lens, organelles (including
the endoplasmic reticulum, Golgi, and other components of
the secretory pathway) are degraded as fiber cells mature.
Thus, quality control mechanisms and organelle degradation
could explain the near absence of Cx46 in fs380 homozygous
lenses that produce only the mutant protein. Other expression
studies also suggest increased degradation of this mutant, since
levels of 35S-methionine-labeled Cx46fs380 are much lower
than those of wild-type Cx46 in oocytes injected with equal
amounts of wild-type or Cx46fs380 complementary RNAs.31 In

heterozygotes, the large decrease in Cx46 levels is likely caused
by extensive oligomerization between wild-type and mutant
Cx46, resulting in oligomers with impaired trafficking that are
degraded. This hypothesis is supported by the immunofluo-
rescence results showing very few Cx46-immunoreactive
puncta at the plasma membrane of lens cells from fs380 mice.
Thus, a major cause of the cataracts in heterozygous and
homozygous fs380 mice is the absence of Cx46 protein in all
lens cells.

Our results in the Cx46fs380 knockin mouse model
contrast with some observations made in Cx46KO mice. Only
homozygous Cx46KO animals (not heterozygotes) develop
cataracts that are detectable by 2 to 3 weeks of age.9 In
contrast, we detected opacities in both heterozygous and
homozygous fs380 mice, and at later ages. The cataracts were
localized in an anterior region of the nucleus in the fs380 mice,
whereas they are nuclear in Cx46KO mice. One-month-old
fs380 mice did not have cataracts even though Cx46 levels
were nearly undetectable (as in homozygous Cx46-null
animals), possibly reflecting the contributions of other genes
to lens transparency. The Cx46KO and fs380 mice were
generated in embryonic stem cells of the 129/SvJ mouse strain,
which carries a mutation in the phakinin (CP49) gene.32 Unlike
the Cx46KO mice, we bred this mutation out from our fs380
mouse colony. Indeed, the severity of the cataract in Cx46-null
mice is far milder in a C57BL/6J background,33 a mouse strain
that does not carry the CP49 mutation.32

Expression of Cx46fs380 caused a decrease in Cx50 levels
and in the intensity and density of the immunofluorescent
puncta. Because Cx46 and Cx50 can form mixed hexamers (or
heteromeric connexons),26 it is likely that the decreased Cx50
in Cx46fs380 mice resulted from degradation of oligomers
containing both wild-type Cx50 and Cx46fs380. In contrast,
Cx50 levels were not reduced in the lens cortex of Cx46KO
mice, but these samples contained a faster-migrating form of
Cx5034 that we did not detect in fs380 animals. It is
noteworthy that another connexin mutant associated with
autosomal dominant cataracts (Cx50D47A) also affected the
coexpressed lens fiber connexin (in this case, Cx46),19

suggesting that this may be a common mechanism by which
autosomal dominant connexin mutants lead to disease.

The reductions of both Cx46 and Cx50 in fs380 lenses
suggest a comparison with double Cx46-Cx50 knockout mice.
In young double-null animals, cataracts were initially observed

FIGURE 9. Levels of N-cadherin are decreased only in the lenses of
older homozygous Cx46fs380 mice. Immunoblots show the levels of N-
cadherin in total lens homogenates from wild-type (þ/þ), heterozygous
(þ/fs380), and homozygous (fs380/fs380) mice at 1 or 7.7 months of
age. The graphs show the quantification of the bands obtained in at
least three independent experiments expressed as percentages of the
values obtained from wild-type animals. The short horizontal lines
indicate the average value for each genotype.

FIGURE 10. The distribution of nuclei and nuclear fragments is similar
in wild-type and Cx46fs380-expressing lenses. Photomicrographs show
the distribution of DAPI-stained nuclei (and fragments) in longitudinal
sections of lenses from 1-month-old wild-type (þ/þ) and Cx46fs380
heterozygous (þ/fs380) and homozygous (fs380/fs380) mice. Scale

bar: 530 lm.

FIGURE 11. Expression of Cx46fs380 does not affect crystallin solubility
at 1 month of age. Water-soluble (S) and -insoluble (I) fractions were
prepared from total lens homogenates of 1-month-old wild-type (þ/þ),
heterozygous (þ/fs380), and homozygous (fs380/fs380) mice. Immuno-
blots were performed using anti-aA-, anti-aB-, anti-b-, or anti-c-crystallin
antibodies.
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as Y-shaped at the anterior suture,35 similar to the cataracts in
heterozygous fs380 animals. However, at comparable ages, the
cataracts in fs380 mice were much milder than the dense
nuclear cataract observed in the double knockout animals.
Cataracts were first observed at postnatal days 2 to 7 in the
double-null mice35 as compared to much later in fs380 mice (2
months in homozygotes and ‡4 months in heterozygotes). The
milder cataract in fs380 mice probably reflects the presence of
functional Cx50 as compared to its complete absence in
double knockout mice. Additionally, genetic differences
contribute to the increased severity of the cataract.

Cx46fs380 expression also affected another membrane
protein. Levels of N-cadherin were decreased in old homozy-
gotes. Since N-cadherin is an adhesion molecule present in all
lens cells,27 its decrease may reflect a deterioration of adherens
junctions in these mutant lenses. However, the general
distribution of N-cadherin was not altered.

Expression of Cx46fs380 did not have obvious effects on
the growth or differentiation of lens cells. The sizes of the

lenses and the process of denucleation appeared normal in
mice carrying the Cx46fs380 mutant allele. These results are
similar to those reported for Cx46KO mice,9,36 but they
contrast with the smaller lenses and varying degrees of
impaired denucleation observed in Cx50-null mice and some
mutant Cx50 animals.10,18,19,28,29,37,38 These findings are
consistent with the hypothesis that Cx46 and Cx50 are
important for maintaining lens transparency, while Cx50 also
contributes to lens cell proliferation and differentiation.19,39

With the development of cataracts, the fs380 mice
exhibited alterations of crystallins. High molecular weight
insoluble aggregates containing crystallins or crystallin-derived
peptides are commonly found in cataracts regardless of
etiology.30,40 In the fs380 mice, the water solubility of aA-,
aB-, b-, or c-crystallins was unaffected at 1 month of age. In
contrast, the water insolubility of b- and c-crystallins (but not
aA or aB) was increased in older (5.2 months) heterozygous
and homozygous fs380 lenses. It is not surprising that the
homozygous fs380 mice (which had a more severe cataract)
had more insoluble b- and c-crystallins than heterozygotes,
since the abundance of insoluble crystallins frequently
correlates with cataract severity. Gong et al.9 also found a
decrease in water-soluble b- and c-crystallins in the lenses of 4-
month-old homozygous Cx46KO mice, but (unlike the fs380
lenses) it was accompanied by the presence of water-insoluble
a-crystallins. It is interesting that a-crystallins remained water
soluble in fs380 lenses, since these proteins with chaperone
functions contribute to insoluble aggregates in many kinds of
cataractous lenses.41–43

Crystallins undergo several modifications that are more
prevalent with cataract formation.40,44 Some modifications
affect crystallin stability, ultimately leading to their precipita-
tion/aggregation.40,45 We observed decreased total levels of b-
crystallins in older fs380 mice and an increase in slower- and
faster-migrating electrophoretic forms. These observations are
consistent with degradation, modification (or protein cross-
linking), and cleavage/truncation of the proteins. Interestingly,
the slowest- and fastest-migrating forms were water insoluble,
whereas intact, monomeric b-crystallins were water soluble.
Although the exact roles of b-crystallins and their modified
forms in the lens are undefined,45 these changes deserve future
investigation as potential contributors to cataractogenesis,
especially since several cataracts have been linked to b-
crystallin missense mutations.5 We also detected several c-
crystallin bands that likely correspond to modified forms.
However, we did not find the small (11-kDa) fragment
generated by calpain-dependent cleavage related to increased
lens calcium levels in homozygous Cx46KO mice from the
mixed 129SvJae X C57BL/6J background,9,46,47 suggesting that
this process is not occurring in the fs380 lenses.

Reduced connexin function is probably a substantial
mechanistic component of the pathology in the fs380 lenses.
Studies of adult lenses have suggested that Cx43 is the main
connexin providing intercellular communication in lens
epithelial cells (reviewed in Ref. 48). Investigations of Cx50-
and Cx46-null mice implicate Cx46 and Cx50 as critical for
intercellular communication in differentiating fiber cells, with
Cx46 being the major contributor in mature fiber cells.8 These
studies imply that the decreased levels of Cx46 in fs380 lenses
would lead to a major decrease in intercellular communication
between mature fiber cells. The delayed appearance of the
cataract in heterozygous mice implies a contribution of Cx50
to intercellular coupling in mature fibers. As the mice aged and
Cx50 levels also decreased, intercellular communication would
become more compromised and reduced in differentiating
fiber cells as well. Decreased connexin-mediated intercellular
communication could account for the development and
progression of cataracts in fs380 mice. However, it does not

FIGURE 12. In lenses of older mice, expression of Cx46fs380 increases
the insolubility of b- and c-crystallins. (A) Water-soluble (S) and
-insoluble (I) fractions were prepared from total lens homogenates of
5.2-month-old wild-type (þ/þ), heterozygous (þ/fs380), and homozy-
gous (fs380/fs380) mice, followed by immunoblotting using anti-aA-,
anti-aB-, anti-b-, or anti-c-crystallin antibodies. Immunoreactive b-
crystallin bands of faster electrophoretic mobilities compared to the
full-length protein are labeled ‘‘a’’ through ‘‘d’’ for the fs380
homozygote blot; the ‘‘a’’ band is water soluble, whereas the ‘‘b’’
through ‘‘d’’ bands are water insoluble. A b-crystallin band with slower
electrophoretic mobility (detected mainly in the homozygote sample)
is indicated by the arrow. The immunoreactive c-crystallin band with
the fastest electrophoretic mobility (indicated by the asterisk) is water
insoluble. (B) Bar graphs represent the average of the relative
proportions of b- and c-crystallin in the soluble (dark gray) and
insoluble (light gray) fractions after quantification of the bands
detected in three independent experiments (black circles).
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explain the delayed appearance of the cataract. There must be
compensatory responses that differ between the fs380 and the
Cx46-null lenses. Although expression of a mutant protein may
have toxic cellular effects, it may also induce adaptive changes
that allow adequate cell homeostasis (despite reduced inter-
cellular communication) to maintain lens transparency tempo-
rarily. The adaptive responses would also have to compensate
for altered transmembrane currents in fs380 lens cells, since
Cx46 also forms ‘‘hemichannels.’’25,49 Such adaptive responses
may not be triggered in the Cx46KO mice, which lack
expression of the wild-type protein.

In summary, our studies on the knockin Cx46fs380 mice
demonstrate that heterozygous (and homozygous) fs380 mice
develop cataracts consistent with the autosomal inheritance of
this trait in humans. The lenses of fs380 mice exhibit
biochemical abnormalities before the presence of detectable
opacities. Thus, these mice will be a useful model to study the
progression of changes in the lens during cataractogenesis
resulting from expression of an abnormal major lens mem-
brane protein.
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