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Connexin mutant mice develop cataracts containing calcium
precipitates. To test whether pathologic mineralization is a
general mechanism contributing to the disease, we character-
ized the lenses from a nonconnexin mutant mouse cataract
model. By cosegregation of the phenotype with a satellite
marker and genomic sequencing, we identified the mutant as a
5-bp duplication in the γC-crystallin gene (Crygcdup). Homo-
zygous mice developed severe cataracts early, and heterozygous
animals developed small cataracts later in life. Immunoblotting
studies showed that the mutant lenses contained decreased
levels of crystallins, connexin46, and connexin50 but
increased levels of resident proteins of the nucleus, endo-
plasmic reticulum, and mitochondria. The reductions in fiber
cell connexins were associated with a scarcity of gap junction
punctae as detected by immunofluorescence and significant
reductions in gap junction-mediated coupling between fiber
cells in Crygcdup lenses. Particles that stained with the calcium
deposit dye, Alizarin red, were abundant in the insoluble
fraction from homozygous lenses but nearly absent in wild-type
and heterozygous lens preparations. Whole-mount homozy-
gous lenses were stained with Alizarin red in the cataract re-
gion. Mineralized material with a regional distribution similar
to the cataract was detected in homozygous lenses (but not
wild-type lenses) by micro-computed tomography. Attenuated
total internal reflection Fourier-transform infrared micro-
spectroscopy identified the mineral as apatite. These results are
consistent with previous findings that loss of lens fiber cell gap
junctional coupling leads to the formation of calcium pre-
cipitates. They also support the hypothesis that pathologic
mineralization contributes to the formation of cataracts of
different etiologies.

Crystallins are the major soluble proteins in the lens, ac-
counting for about 90% of the total proteins in the organ. Lens
crystallins contribute to the establishment and maintenance of
the gradient of refractive index and have additional roles in
development, stress responses, and chaperone activity
(reviewed in (1, 2)). Cataracts are opacities within the lens that
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are the most frequent cause of blindness worldwide (3). They
have been associated with the accumulation of modifications
in the crystallins (including oxidation, deamidation, cross-
linking, cleavage, fragmentation, and glycation) and the for-
mation of insoluble high-molecular-weight protein aggregates
(reviewed in (4, 5)). Several crystallin mutations have been
linked to cataracts in humans and rodents (see the Cat-Map
website (cat-map.wustl.edu) for an updated list) (6).

Several pieces of evidence suggest that cataracts contain
insoluble calcium salts (7–13). Our recent studies in two
mouse models of cataract have shown that lenses expressing a
mutant lens fiber cell connexin, Cx46fs380 or Cx50D47A, have
high intracellular concentrations of free Ca2+ that are beyond
the Ksp for several of its salts and contain calcium precipitates.
Importantly, the three-dimensional distribution of the calcium
salt deposits resembles the morphology and location of the
cataracts (14–16). These observations suggested that the for-
mation of calcium precipitates might be part of a common
mechanism of cataract development.

To test the generality of the proposed pathogenic mecha-
nism, we studied a mouse model in which cataracts develop
due to a mutation in one of the γ-crystallin genes. These mice
were available as live animals from a major commercial
vendor, so they seemed ideal to pursue our studies. Here, we
report the results of our extensive characterization of these
mouse lenses. These experiments have yielded data that pro-
vide further support for the importance of calcification in
cataractogenesis.

Results

We previously showed that the lenses of mice carrying
connexin mutations, Cx46fs380 or Cx50D47A, stained with
Alizarin red in a pattern morphologically similar to the cata-
ract (14, 15). To test the generality of this finding beyond mice
with connexin mutations, we obtained mice from the Jackson
Laboratory that allegedly expressed a γB-crystallin mutation
that was linked to the development of cataracts in mice,
γBS11R-crystallin (17). These mice had a mutation that arose
spontaneously in the A/J strain and were backcrossed for
several generations into the C57BL/6J strain. We used the
genotyping approach previously employed by Li et al. (17) and
confirmed that the phenotype co-segregated with the
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Cataract and apatite
D1Mit156 satellite marker located in chromosome 1. Ac-
cording to this method, the different genotypes could be
distinguished based on the difference in amplicon size between
the A/J and C57BL/6J strains for the satellite marker
D1Mit156 located in chromosome 1 (112 bp vs. 143 bp). We
also confirmed that the homozygous mutant lenses had a
pronounced central cataract unlike the wild-type lenses that
were transparent (Fig. 1). The central cataract appeared sur-
rounded by multiple little opacities located between the cortex
and the nucleus; their distribution had a shamrock-like form in
the example shown in Figure 1.

During the COVID-19 outbreak, we outsourced the geno-
typing to Transnetyx who designed primers to differentiate
between wild-type and mutant γBS11R-crystallin mice by real-
time PCR. However, analysis of all samples yielded a wild-
type genotype. To verify the results of this genotyping, we
amplified the sequence encoding γB-crystallin by PCR from
genomic DNA. Sequencing of this amplicon showed no mu-
tation, suggesting that the spontaneous cataract in these mice
corresponded to a different genetic variant that mapped to the
same region of chromosome 1. Therefore, we deemed it
essential to identify the mutation and to characterize the al-
terations in these lenses.

Identification of the mutation in the mutant mice

To identify the mutant gene, we performed whole genome
sequencing on genomic DNA prepared from homozygous
mutant mice. A significant number of nucleotide variations
that corresponded to differences between the genomic se-
quences of the C57BL/6J and the A/J strains were found in a
region of chromosome 1. This is consistent with the PCR re-
sults indicating that the cataract phenotype co-segregated with
the satellite marker D1Mit156. When this region of chromo-
some 1 was analyzed, no nucleotide mutations or variations
were found in the γB-crystallin gene compared to the genomic
DNA sequence from the A/J strain (https://www.ncbi.nlm.nih.
gov/nuccore/CM003954.1). However, analysis of other genes
Figure 1. Homozygous crystallin mutant mice develop severe cataracts. A
mouse (A) and a 23-day-old homozygous crystallin mutant mouse (B). Scale b

2 J. Biol. Chem. (2023) 299(8) 104935
in this region revealed a 5-bp duplication within the sequence
encoding γC-crystallin, BC056454.1:c.409_413dup (Fig. 2A).
γC-crystallin is a member of the γ-crystallin family whose
expression in the mouse lens starts early in development, at
11.5 dpc (18, 19), and it continues to be expressed in both
epithelial and fiber cells as demonstrated at the RNA and
protein levels (20–23). For simplicity, we will refer to the
BC056454.1:c.409_413dup mutation as Crygcdup. The pre-
dicted protein product corresponding to this mutation is
GRYGC p.(Pro138fs).

The secondary structure of the β- and γ-crystallins contains
four Greek key motifs, each consisting of about 40 amino acids
that fold into four consecutive anti-parallel strands (Fig. 2B).
Two consecutive Greek key motifs (i.e., first and second and
third and fourth) intercalate in a symmetrical manner to form
two wedge-shaped domains filled with hydrophobic side
chains that are connected by an interdomain linker (24). The
5-bp nucleotide duplication in Crygcdup is located right before
the DNA sequence that encodes the first amino acid of the
loop connecting Greek key motifs 3 and 4 within the CRYGC
protein. This causes a frameshift that results in the translation
of an aberrant sequence, early termination of the protein, and
loss of Greek key motif 4 (Fig. 2C).

We found no other substitutions in the coding sequences of
other crystallin genes in this region when compared to
genomic DNA from the A/J strain.

Heterozygous mice develop cataracts at much older ages than
homozygotes

Darkfield microscopy examination showed no difference
in the appearance or transparency of lenses from young
heterozygous mutant or wild-type mice (not shown). How-
ever, the lenses of heterozygous mice developed small nu-
clear opacities encircled by a halo as the mice grew older
(Fig. 3). The initial detectability of these changes varied be-
tween individuals, ranging from 60 to 90 days of age. By
120 days of age and at later ages, these opacities were more
and B, darkfield images of the lenses from a 26-day-old wild-type C57BL/6J
ar = 600 μm.
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Figure 2. The mutant mice have a 5-bp duplication in the γC-crystallin (Crygc) gene. A, top, DNA sequence of a region of mouse chromosome 1 from
the GRCM39 mouse genome assembly encoding part of γC-crystallin. The encoded wild-type amino acid sequence is shown underneath. Bottom, DNA
sequence of the same region of chromosome 1 from a homozygous Crygc mutant mouse showing the site of insertion of the 5-bp duplication (underlined
nucleotide sequence). The resulting amino acid sequence is shown underneath. The 5-bp duplication results in a frameshift and an early termination of the
protein. B, diagram of the wild-type protein with its four Greek key motifs. C, diagram of the mutant protein. The frameshift occurs after the third Greek key
motif (red squiggly line) and the resulting mutant protein lacks the fourth Greek key motif. C, C-terminus; N, N-terminus.
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abundant and pronounced than ones occasionally observed
in wild-type lenses (Fig. 3). Regardless, heterozygotes never
developed as severe opacities as observed in the
homozygotes.
Crystallin levels are decreased by expression of Crygcdup

Previous biochemical studies of crystallins predict that the
presence of an aberrant sequence after the third Greek key
motif and the absence of the fourth motif in the mutant
protein would perturb the normal secondary and tertiary
structures, altering protein stability and/or solubility (for a
review see (25)). To test whether levels of crystallins were
altered by the expression of the γC-crystallin mutant, we
determined the abundance of crystallins in total lens ho-
mogenates. Levels of αA- and βB1-crystallins were decreased
in the total homogenates from heterozygous and homozygous
mutant lenses (to 65% and 53% of the wild-type values for
αA-crystallin and to 67% and 58% of the wild-type values for
βB1-crystallin, respectively). No significant changes were
detected in levels of αB-crystallins. Levels of γ-crystallins
were decreased in the total homogenates from homozygous
mutant lenses (to 68% of the wild-type values), but they were
not significantly changed in total homogenates of lenses from
heterozygotes (Fig. 4).

To assess possible changes in the solubility of the crystallins,
we prepared aqueous-soluble and aqueous-insoluble fractions
and analyzed these fractions by immunoblotting. The soluble
fractions contained essentially all of the crystallin in these
samples. No bands were detected in the blots of insoluble
fractions that were exposed together with corresponding
amounts of the total and soluble fractions. However, after
extremely long overexposure of the films, a very faint band of
γ-crystallins was observed in some (but not all) of the aqueous-
insoluble fractions from heterozygous and homozygous
mutant lenses (Fig. 4F).
J. Biol. Chem. (2023) 299(8) 104935 3



Figure 3. Heterozygous crystallin mutant mice develop mild cataracts with age. The lenses from wild-type (Crygc+/+; A, C, and E) and heterozygous
crystallin mutant (Crygc+/dup; B, D, and F) mice at 90 (A and B), 120 (C and D), and 213 (E and F) days of age were photographed using darkfield illumination.
A very faint opalescence is detected in the example shown for the 90-day-old heterozygous lens (B). By 120 days of age (D), heterozygous mutant lenses
show several minor opacities in the nuclear region and a halo that encircles them. The number, intensity, and size of nuclear opacities are more pronounced
at 213 days of age (F). Scale bar = 600 μm.
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We also used the pattern of bands in the immunoblots to
evaluate possible alterations in the integrity of crystallins.
αA- and -αB-crystallins were detected as single bands, and
γ-crystallins were detected as a doublet in both wild-type and
mutant lenses. However, a faint band of βB1-crystallins with a
faster electrophoretic mobility than the main band was
detected in the total homogenates and aqueous-soluble frac-
tions from homozygous mutant lenses, suggesting a minor
amount of cleavage for this crystallin (Fig. 4C). Upon over-
exposure of the films, a βB1-crystallin band migrating at the
same mobility was also observed in the total homogenates and
4 J. Biol. Chem. (2023) 299(8) 104935
aqueous-soluble fraction from heterozygous mutant lens
samples (Fig. 4E). Similarly, after extremely long overexposure
of the films, a very faint band of γ-crystallins migrating faster
than the doublet was detected in the total homogenates and
aqueous-soluble fractions from heterozygous and homozygous
mutant lenses (Fig. 4F). Thus, in contrast to the results re-
ported for the γBS11R-crystallin heterozygous and homozygous
mice (17), we detected minimal amounts of cleaved βB1- and
γ-crystallins (barely above the detection limit of the method)
and no cleaved forms of αA- and αB-crystallins in the Crygcdup

lenses.



Figure 4. Expression of the γC-crystallin mutant decreases total levels of crystallins but does not lead to major effects on their solubility. A–D,
immunoblots illustrate levels of αA- (A), αB- (B), βB1- (C), and γ- (D) crystallins in whole lens homogenates (T), and lens aqueous-soluble (S) and aqueous-
insoluble (I) fractions from 30- to 32-day-old wild-type (Crygc+/+), heterozygous mutant (Crygc+/dup), and homozygous mutant (Crygcdup/dup) mice. Total levels
of αA- and βB1-crystallins were decreased in heterozygous mutant lenses, while total levels of αA-, βB1- and γ-crystallins were decreased in homozygous
mutant lenses. A faint βB1-crystallin band of faster electrophoretic mobility was detected in the total homogenate and aqueous-soluble fraction of ho-
mozygous mutant lenses (its position is marked with a dot in panel C). Graphs show the average of the densitometric values of the bands obtained in the
total homogenates after quantification of the bands detected in three independent experiments (black symbols, one for each set containing all three
genotypes). For each experiment, values were normalized to the value determined in the total homogenate of the wild-type lens for the corresponding
crystallin (which was set to 100%). Asterisks indicate values that differed significantly from the levels in the total homogenate of the wild-type mice. E,
example illustrating the appearance of the faster electrophoretic mobility βB1-crystallin band in the total homogenates and aqueous-soluble fractions of
heterozygous mutant (Crygc+/dup) and homozygous mutant (Crygcdup/dup) lenses after long overexposure of the X-ray film. F, example illustrating the slight
bands of γ-crystallin detected in the insoluble fraction of some heterozygous mutant (Crygc+/dup) and homozygous mutant (Crygcdup/dup) lenses after
extremely long overexposure of the X-ray film. The example also illustrates the appearance of a very faint band that migrates faster than the doublet in the
total homogenates and aqueous-soluble fractions from heterozygous (Crygc+/dup) and homozygous (Crygcdup/dup) mutant lenses.

Cataract and apatite
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Crygcdup lenses show impaired fiber cell organization and
differentiation

Because crystallins have been implicated as participating in
lens development, fiber cell morphology, and maturation (26),
we investigated whether the expression ofCrygcdup affected lens
fiber cell organization and differentiation. Staining with wheat
germ agglutinin (WGA), which binds to plasma membrane
glycoproteins, revealed a striking disorganization of the fiber
Figure 5. Cellular organization and denucleation are impaired in CrygCdu

germ agglutinin (WGA; A, C and E) and Draq5-stained nuclei and nuclear remn
(Crygc+/+; A and B), heterozygous mutant (Crygc+/dup; C and D), and homozygo
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cells in the nuclear region of homozygous lenses (Fig. 5). At
10 days of age, the central fiber cells were highly variable in
dimension and orientation. The central region of heterozygous
lenses showed only minor disturbances compared to the wild-
type lenses (Fig. 5). Denucleation was also affected in hetero-
zygous and homozygous Crygcdup lenses. Nuclei and nuclear
remnants were detected in more central regions of mutant lens
sections, especially in those from homozygous lenses (Fig. 5). In
p-expressing lenses. A−F, confocal images show the distributions of wheat
ants (B, D, and F) in equatorial sections from 10-day-old lenses of wild-type
us mutant (Crygcdup/dup; E and F) mice. Scale bar: 100 μm.
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agreement with this observation, levels of histone H3 in ho-
mozygous lenses were increased to 472% of wild-type values. In
heterozygous lenses, levels of histone H3 were on average 240%
of the wild-type values; however, comparison of their values did
not reach statistical significance (p = 0.08), likely due to the large
variability between individuals (Fig. 6C). Levels of the ER-
resident 78 kDa glucose-regulated protein (GRP78) were
increased to 119% and 264% in heterozygous and homozygous
Crygcdup lenses compared to the levels in lenses from wild-type
littermates (Fig. 6A). Similarly, levels of the translocase of outer
mitochondrial membrane 20 (TOM20) were increased in het-
erozygous and homozygous mutant lenses (Fig. 6B); they rep-
resented 124% and 267% of the values in wild-type lenses.

Expression of Crygcdup alters levels and distribution of fiber
cell connexins

Because mutations in other lens membrane and soluble
proteins (27), including crystallins (28, 29), can affect levels of
lens fiber cell connexins, we determined the levels of Cx46 and
Cx50 in the γC-crystallin mutant lenses by immunoblotting of
lens homogenates. At 30 days of age, levels of Cx46 were
significantly decreased to 20% (heterozygotes) and 11% (ho-
mozygotes), and levels of Cx50 were significantly decreased to
27% (heterozygotes) and 26% (homozygotes), compared to the
levels in lenses from wild-type littermates (Fig. 7, A and B).

Connexin mRNA levels were analyzed to determine if the
changes in connexin protein levels could reflect changes in the
Figure 6. Expression of CrygCdup impairs lens cell differentiation. A–C, im
mogenates from wild-type (Crygc+/+), heterozygous mutant (Crygc+/dup), and
positions of the molecular mass markers are indicated on the left. Graphs show
experiments (black circles). The bars represent the averages of the values obtain
heterozygous mutant lenses or wild-type and homozygous mutant lenses are
transcription of Gja3 (Cx46) and/or Gja8 (Cx50). At 30 days of
age, the connexin mRNA levels in heterozygous and homo-
zygous mutant lenses were similar to those of wild-type lenses
(Fig. 7, C and D). Thus, changes in transcription are unlikely to
explain the decrease in connexin levels.

To determine whether the expression of Crygcdup also
affected the distribution of connexins, we performed immu-
nofluorescence in combination with staining of filamentous
actin (to delineate individual fiber cells). The distribution and
abundance of immunoreactive Cx46 were similar in the most
superficial lens fiber cells in wild-type lenses and in heterozy-
gous and homozygous mutant lenses. However, in more inte-
rior fiber cell layers, the distribution of Cx46 appeared patchy
and irregular in both heterozygous and homozygous mutant
lenses. Very little (if any) immunoreactive Cx46 was detected in
more central fiber cell layers (unlike the abundant Cx46
immunoreactive gap junction plaques present in wild-type
lenses that extended deep into the lens) (Fig. 8). The distribu-
tion and abundance of Cx50 in gap junction plaques were also
markedly affected by the expression of the γC-crystallin mutant.
Both heterozygous and homozygous mutant lenses showed a
patchy distribution with a scarcity of Cx50 immunoreactive
plaques even in the most superficial lens fiber cells compared to
wild-type lenses (Fig. 9). These changes became even more
pronounced in more interior fiber cells (Fig. 9). In addition,
heterozygous and homozygous mutant lenses continued to
show irregularities in the pattern of phalloidin staining,
munoblots of GRP78 (A), TOM20 (B), and histone H3 (C) in whole lens ho-
homozygous mutant (Crygcdup/dup) mice at 30 days of age. The migration
the quantification of the immunoreactive bands obtained in independent

ed for each genotype (n = 3). Significant differences between wild-type and
indicated by asterisks (p <0.05).
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Figure 7. Expression of the crystallin mutant alters levels of Cx46 and Cx50 proteins but not their transcripts at 1 month of age. A and B, im-
munoblots of Cx46 (A) and Cx50 (B) in whole lens homogenates from wild-type (Crygc+/+), heterozygous mutant (Crygc+/dup), and homozygous mutant
(Crygcdup/dup) mice at 30 days of age. The migration positions of the molecular mass markers are indicated on the left. Graphs show the quantification of the
immunoreactive bands obtained in independent experiments (black circles). The bars represent the averages of the values obtained for each genotype (n =
3). Significant differences between wild-type and heterozygous mutant lenses or wild-type and homozygous mutant lenses are indicated by asterisks
(p<0.05). C and D, graphs show the fold change of the transcript levels for Gja3 (Cx46 transcript; C) and Gja8 (Cx50 transcript; D) in 30-day-old heterozygous
(Crygc+/dup) and homozygous (Crygcdup/dup) mutant lenses relative to wild-type littermate lenses (Crygc+/+) as determined by Reverse Transcription Real-Time
PCR. The values obtained in each of three independent experiments are shown in black circles. The value obtained in wild-type lenses was considered as 1.
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especially toward the center of the lens, compared to the regular
pattern of phalloidin staining showing radial columns of fiber
cells in cross-sections of wild-type lenses.
Gap junction-dependent intercellular communication is
decreased in Crygcdup-expressing lenses

The significant decrease in levels and the lack of immuno-
reactive Cx46 and Cx50 gap junction plaques in interior fiber
cells led us to assess gap junctional coupling between fiber cells
8 J. Biol. Chem. (2023) 299(8) 104935
in these lenses. Therefore, we determined the series resistance,
which corresponds to the reciprocal of gap junctional coupling.
The series resistance is the resistance between the point of
recording and the lens surface due to the parallel resistivities of
intracellular and extracellular pathways (RiRe)/(Ri + Re). In the
usual situation, Re >> Ri, so (RiRe)/(Ri + Re) ffi Ri. The series
resistance increased from wild-type to heterozygous to
homozygous lenses with the most significant increase in
homozygous lenses (Fig. 10). The values of gap junctional
coupling conductance for wild-type, heterozygous, and



Figure 8. The immunoreactive pattern of distribution of Cx46 is altered in lenses expressing the crystallin mutant. A−I, confocal images show the
distributions of immunoreactive Cx46 (green; A, D and G) and filamentous actin (phalloidin, red; B, E and H) in cross sections from lenses of wild-type
(Crygc+/+; A−C), heterozygous mutant (Crygc+/dup; D−F), and homozygous mutant (Crygcdup/dup; G−I) mice at 46 to 48 days of age. The merged images for
the two fluorescence signals and the nuclei stained with Draq5 are shown on the right (C, F and I). Scale bar: 45 μm.
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homozygous mutant lenses are presented in Table 1. Gap
junctional coupling conductance in differentiating fibers
(GDF) from heterozygous and homozygous mutant lenses
decreased to 52% and 36% of the value in wild-type lenses,
respectively. The intracellular resistivity in the mature fiber
cell domain (MF) in the homozygous (Crygcdup/dup) lenses
was about 98 KΩcm; this is essentially the value of the
effective extracellular resistivity (Re), implying that Ri

approaches infinity, or GMF ffi 0. In the heterozygous
(Crygc+/dup) lenses, GMF was reduced to 55% of the wild-
type value (Table 1).
One surprising observation in these lenses was that Re was
100 KΩcm (Table 2), much higher than the values of
20–30 KΩcm determined in previous mouse lens studies (30).
The surface membrane conductance (GS) was essentially
constant at about 0.4 mS/cm2 independent of genotype. The
fiber cell membrane conductance (gm) dropped from about 3
S/cm2 in wild-type lenses to about 2 S/cm2 in heterozygous
and homozygous mutant lenses. This change is not that large,
and it is not progressive as one would expect if it were a direct
result of the mutation of γC-crystallin. Either value is in the
range typically measured in other studies; thus, most likely the
J. Biol. Chem. (2023) 299(8) 104935 9



Figure 9. The distribution of immunoreactive Cx50 is decreased in lenses expressing the crystallin mutant. A−I, confocal images show the distri-
butions of immunoreactive Cx50 (green; A, D and G) and filamentous actin (phalloidin, red; B, E, and H) in cross sections from lenses of wild-type (Crygc+/+;
A−C), heterozygous mutant (Crygc+/dup; D−F), and homozygous mutant (Crygcdup/dup; G−I) mice at 46 to 48 days of age. The merged images for the two
fluorescence signals and Draq5-stained nuclei are shown on the right (C, F, and I). Scale bar: 45 μm.
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apparent decrease reflects biological variation and experi-
mental uncertainty in the complex process of recording and
curve-fitting the data.
Table 1
Gap junctional conductance is decreased in Crygcdup-expressing
lenses

Genotype GDF (S/cm2) GMF (S/cm2) n

Crygc+/+ 0.98 0.67 8
Crygc+/dup 0.51 0.37 12
Crygcdup/dup 0.35 0.0 12

The Table shows the gap junctional coupling conductance per area of radial cell-to-
cell contact for differentiating fibers (GDF) and mature fibers (GMF), calculated as
the inverse of the best fit of the effective intracellular resistivity (RDF,MF) to series
resistance data multiplied by the width (w) of a fiber cell (GDF,MF = 1/(RDF,MF * w)),
where w = 3 μm. n represents the number of lenses studied to compile the series
resistance data shown in Figure 10.
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Crygcdup/dup lenses contain material that stains with Alizarin
red

The decrease in gap junction-mediated intercellular
coupling between fiber cells of the γC-crystallin mutant lenses
suggested that the circulation of ions within the lens was
Table 2
Impedance-derived parameters in Crygc mouse lenses

Genotype GS (mS/cm2) gm (μS/cm2) Re (KΩcm) n

Crygc+/+ 0.35 ± 0.23 2.78 ± 1.23 104 ± 31 8
Crygc+/dup 0.43 ± 0.15 1.61 ± 1.19 104 ± 42 7
Crygcdup/dup 0.37 ± 0.19 1.69 ± 0.86 81 ± 16 9

The Table presents the values of conductance per area of membrane for surface cells
(GS) and fiber cells (gm), and the effective extracellular resistivity (Re) based on curve
fits. n is the number of lenses studied.



Figure 10. Lenses from mice expressing the crystallin mutant have decreased gap junctional conductance. A, graph shows the series resistance (Rs)
due to gap junctions coupling fiber cells between the point of recording and the surface of the lens from 91- to 118-day-old wild-type (Crygc+/+), het-
erozygous mutant (Crygc+/dup) and homozygous mutant (Crygcdup/dup) lenses. Data are graphed as a function of radial distance from the lens center (r; cm),
normalized to the lens radius (a; cm). B, graphical comparison of the data from wild-type (Crygc+/+) and heterozygous mutant (Crygc+/dup) lenses to illustrate
more clearly the increase in series resistance in heterozygous mutant lenses.
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impaired (30). This would be predicted to result in the accu-
mulation of ions such as calcium, which could precipitate if
their concentration surpasses the Kps of its salts. To test this,
we prepared insoluble fractions from wild-type, heterozygous
and homozygous lenses and stained them with Alizarin red, a
dye that stains calcium deposits within tissues. Most prepa-
rations of wild-type and heterozygous lens insoluble fractions
did not contain any Alizarin red-stained particles (Fig. 11, A, B
and D). Very rarely, lightly stained small particles were found
in wild-type and heterozygous lens preparations (not shown),
consistent with the small nuclear cataracts detected in wild-
type and heterozygous Crygc+/dup lenses (Fig. 3). In contrast,
particles strongly stained with Alizarin red were abundant and
detected in all of the insoluble fraction preparations from
homozygous lenses (Fig. 11, C and E–L).

To study the three-dimensional distribution of the Alizarin
red particles in the homozygous mutant lenses, we acquired
darkfield images from the lenses followed by whole-mount
staining with Alizarin red. Wild-type lenses from littermates
were used as controls. While wild-type lenses showed no
remarkable staining, homozygous Crygcdup/dup mutant lenses
showed pronounced staining with Alizarin red in the central
region with an overall distribution in the same region occupied
by the cataract (Fig. 12, A–D).
Micro-computed tomography scanning reveals mineralized
material in Crygcdup/dup lenses

The presence of Alizarin red-stained particles in these lenses
led us to examine them for the presence of mineralized ma-
terial and to determine its three-dimensional distribution us-
ing high energy, micro-computed tomography (micro-CT)
scanning. Freshly dissected wild-type and homozygous lenses
were photographed by darkfield microscopy; then, they were
fixed and studied by micro-CT scanning. No radio-dense
material was detected in the micro-CT images from wild-
type lenses, but the Crygcdup/dup lenses contained abundant
radio-dense material in mice of both sexes (Fig. 13).

Crygcdup/dup lenses showed widely dispersed particles with
a moderate X-ray density (but above the background for the
lens) with most of the X-ray dense regions in curved, acic-
ular shapes. The total X-ray dense material (a combination
of scattered particles of moderate X-ray density and of
higher X-ray density) occupied a spherical volume that
encompassed the region of the cataract in each lens (Fig. 13
and Movie S1).

Infrared microspectroscopy identifies the lens mineral in
Crygcdup/dup lenses as apatite, a form of calcium phosphate

To determine the composition of the mineral particles,
sections from homozygous Crygcdup/dup lenses were analyzed
using attenuated total internal reflection Fourier-transform
infrared microspectroscopy (ATR-μFTIR) imaging. Localiza-
tion of Ca2+-containing material in Yasue-stained sections
facilitated the identification of regions in adjacent sections to
analyze by ATR-μFTIR (Fig. 14). Representative spectra
extracted from the non-mineral regions showed the charac-
teristic spectral bands for normal proteins, which include the
combined N-H and O-H stretch located near 3,274 cm−1 and
the amide I and II absorptions located near 1,634 and
1,522 cm−1, respectively (Fig. 14, non-mineral region). Repre-
sentative spectra extracted from the mineral-rich regions
showed several absorption bands in addition to those corre-
sponding to protein (Fig. 14, mineral region). The additional
absorptions in the mineral-rich regions were located at 1,098,
1,026, 960, and 877 cm−1, which are characteristic of calcium
apatite (Fig. 14). A reference spectrum of apatite is shown in
Figure 14 for comparison.

Discussion
In this article, we identified a novel γC-crystallin mutation

(CrygCdup) that causes cataracts, and we have provided some
J. Biol. Chem. (2023) 299(8) 104935 11



Figure 11. Particles in the insoluble fractions of Crygcdup/dup lenses stain with Alizarin red. A–C, photographs of material present in lens insoluble
fractions from 60-day-old wild-type (A), heterozygous (B), and homozygous (C) mice after resuspension and reaction with Alizarin red. D–F, photographs of
material present in lens insoluble fractions from 111-day-old wild-type (D) and homozygous crystallin mutant (E and F) mice after resuspension and reaction
with Alizarin red. C(inset) and G–L, photographs show additional examples of Alizarin red-stained particles present in the insoluble fraction of homozygous
crystallin mutant lenses. Scale bar: 97 μm for panels A–C, 84 μm for panels D–L.

Cataract and apatite
insights regarding how this mutation leads to cataracto-
genesis. Mutations in the γC-crystallin gene (including du-
plications) have previously been linked to cataracts in
humans and in rodents (cat-map.wustl.edu). Several of the
previously identified mutations affect Greek key motif 4 in
γC-crystallin (cat-map.wustl.edu). The CrygCdup mutation
identified in our study encodes a protein that contains an
aberrant sequence in its C-terminus and lacks the fourth
Greek key motif. Although this represents a severe alteration
in the secondary and tertiary structure of CRYGC, cataracts
in heterozygous CrygCdup animals developed much later
than in heterozygotes from the previously described CrygC
mutant mice (31–33). Expression of CrygCdup induced
several effects that were much more pronounced or only
observed in homozygous lenses, including a decrease in
levels of γ-crystallins, alteration of nuclear fiber cell
morphology and organization, impaired organelle degrada-
tion, decreased fiber cell-to-fiber cell gap junctional
conductance and formation of calcium precipitates in the
form of apatite.
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γ-crystallin mutations, lens crystallins, and differentiation
Expression of Crygcdup was associated with a decrease in

protein levels of αA-crystallins and βB1-crystallin in heterozy-
gous and homozygous lenses, and the appearance of very small
amounts of a faster-migrating band of βB1-crystallin. This βB1-
crystallin band might represent a calpain-cleaved form (that
remained soluble) (34). The reductions in αA-crystallins and
βB1-crystallin could be due to the degradation of these crys-
tallins as a result of their interaction with the mutant γC-
crystallin. Since αA-crystallins can act as chaperones (1), they
may have interacted with the mutant γC-crystallin (to prevent
its misfolding) and been degraded together. βB1-crystallin
forms complexes with γD-crystallin and suppresses demixing
of γD-crystallin (35, 36). Because of the extensive amino acid
identity between the members of the γ-crystallin family, it is
possible that some βB1-crystallin interacted with the mutant
γC-crystallin and was degraded. Alternatively, degradation of
βB1-crystallin may have occurred sequentially: initial cleavage
by Ca2+-dependent calpains (due to the expected increase in the
Ca2+ concentration as a result of the decrease in gap junctional

http://cat-map.wustl.edu
http://cat-map.wustl.edu


Figure 12. Crygcdup/dup lenses stain with Alizarin red. A and B, photographs of 35-day-old wild-type (Crygc+/+; A) and homozygous crystallin mutant
(Crygcdup/dup; B) lenses using darkfield illumination. C and D, images show the same lenses from the wild-type (C) and the homozygote (D) after whole-
mount staining with Alizarin red. Scale bar: 500 μm for panels A and B, 385 μm for panels C and D.

Cataract and apatite
coupling) followed by complete degradation by other proteases.
In this case, the faster-migrating band of βB1-crystallin detected
in the CrygCdup lenses would represent an intermediate step in
the degradation process. However, it is unlikely that the
Figure 13. The X-ray dense material in Crygcdup/dup lenses occupies the sam
old wild-type (A) and homozygous Crygcdup/dup (B) mice. C, Three-dimensional p
scale bar represents 216 μm for panels A and B, and 200 μm for panel C.
reductions of αA- and βB1-crystallins explain the cataract for-
mation because the differences in reductions of these crystallins
between heterozygotes and homozygotes were modest
compared to the striking differences in phenotype.
e region as the cataract. A and B, darkfield images of lenses from 60-day-
rojection of the micro-CT images from the homozygous lens shown in B. The
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Figure 14. The mineral in Crygcdup/dup lenses is apatite. A, image showing Yasue staining of a section from the lens of the 60-day-old homozygous
Crygcdup/dup mouse shown on Figure 13, B and C. The stained material that appears black corresponds to calcifications. B, image of an adjacent unstained
section of the same lens on low emissivity glass used for infrared imaging. C, image shows the infrared signal map of the boxed region shown in B
generated by collecting infrared spectra with a pixel resolution of 1.56 μm. Green areas are mineral regions and blue areas are protein regions. D, graphs
show the spectra of a non-mineral region, two mineral regions, and the apatite standard. Arrows point to spectral features characteristic of apatite mineral.
The scale bars in A and B represent 200 μm. The scale bars in the insets of panels A and B represent 52.5 μm and 41.5 μm, respectively.

Cataract and apatite
The levels of γ-crystallins were different between hetero-
zygous and homozygous CrygCdup lenses. A decrease in levels
of water-soluble γ-crystallins has also been reported in γD-
V76D-crystallin mutant mouse lenses, although these authors
found reductions in both heterozygotes and homozygotes (29),
unlike our results in which decreased levels were only observed
in CrygCdup homozygotes. Because the γC-crystallin gene is
activated at 11.5 dpc in the mouse lens (19) and the onset of
primary fiber cell differentiation occurs at embryonic day 12.5,
14 J. Biol. Chem. (2023) 299(8) 104935
it is possible that the observed decreases in αA-, βB1- and γ-
crystallins result from the CrygCdup-induced impaired differ-
entiation. The homozygous CrygCdup lenses showed marked
abnormalities of lens differentiation including impaired nu-
clear and organellar degradation (as shown by the persistence
of nuclei and nuclear remnants and elevated levels of resident
proteins of nuclei, ER, and Golgi). Impaired denucleation may
be a common feature in γ-crystallin mutant lenses since it was
also observed in mouse lines carrying mutations in several
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different γ-crystallin family members (31, 32, 37). The ho-
mozygous CrygCdup lenses also showed major alterations in
fiber cell shape, size, orientation, and organization in the lens
core (with little change in the organization of outer cortical
fiber cells). These changes in cell arrangement resemble those
described for the CRYGC p.(Leu160Stop) mouse lenses (33)
and some of those reported for the CrygcChl3 lenses that
contain degenerated embryonic primary fiber cells and a
distinct border between the lens core and the cortex (31). The
presence of persistent organelles, nuclei, and nuclear remnants
(in fiber cells that are normally free of these subcellular
structures) and the disordered packing of fiber cells (due to
changes in cell shape, size and orientation) would interfere
with normal transparency and light transmission, contributing
to light scattering. Thus, it is possible that the impaired
organelle degradation and disordered packing of fiber cells
contribute to the central cataract and the surrounding opacity
in homozygous CrygCdup lenses.

γ-crystallin mutations, connexins, and gap junction–mediated
intercellular communication

Expression of the γC-crystallin mutant led to very reduced
levels of Cx46 and Cx50 and major alterations in the abundance
and distribution of gap junctions containing these proteins.
Decreased levels of Cx46 and Cx50 have also been described in
γD-V76D-crystallin mutant mouse lenses (29), suggesting that
reductions in the lens fiber cell connexins might be a common
alteration in mice carrying mutations of γC- or γD-crystallins
(and perhaps other members of the γ-crystallin family). Because
the decreases in levels of Cx46 and Cx50 proteins in hetero-
zygous and homozygous CrygCdup mice at 30 days of age were
not paralleled by major changes in connexin mRNA levels, the
results suggest that the connexin proteins are degraded in the
mutant lenses. This interpretation is supported by
the immunofluorescence data showing reductions of immu-
noreactive connexin-containing punctae. Considering that the
reduction in fiber cell connexin levels was similar between
heterozygous and homozygous CrygCdup lenses, this alteration
can only account for part of the much more pronounced
decrease in fiber cell coupling in homozygous vs. heterozygous
lenses. Most likely, the severe fiber cell disorganization within
the nuclear region of homozygous (not evident in heterozygous)
CrygCdup lenses also contributes to the absence of gap junction-
mediated intercellular communication in the mature fiber cells
from homozygous CrygCdup lenses.

Consequences of the γ-crystallin mutation on the lens
circulation

Gap junction–mediated fiber cell-to-fiber cell coupling plays
a pivotal role in the circulation of ions, water, and molecules
throughout the lens (30). It is reduced in several cataract
mouse models with mutations in different genes, including
those encoding Cx46 and Cx50 (reviewed in (27)). In the lenses
from mouse cataract models with reduced gap junction
coupling and consequent alterations of the lens circulation, the
gradients of ion concentrations and hydrostatic pressure are
substantially affected (reviewed in (27)). This alteration in the
lens circulation (which also affects the gradient of Ca2+ con-
centrations) results in the accumulation of Ca2+ toward the
center of the lens to levels that can become high enough to
cause precipitation of Ca2+ ions by interaction with the anions
present in the tissue. In the homozygous CrygCdup lenses,
connexin levels were significantly reduced, gap junction pla-
ques were extremely rare, and coupling was absent in the
mature fibers; therefore, accumulation of calcium ions in the
center of the lens was expected to be extremely high and to
surpass the Ksp for several calcium salts. We confirmed our
inference by the detection of Alizarin red-stained material in
precipitated particles from homozygous CrygCdup lens ho-
mogenates and in lens whole-mounts, and by Yasue staining of
lens sections from homozygous animals. Notably, the X-ray-
dense material detected by micro-CT and the Alizarin red-
stained material in whole-mounts localized to the same lens
region occupied by the cataracts in homozygous CrygCdup

lenses. These results are similar to the observations in ho-
mozygous Cx46fs380, Cx50D47A, and Cx46-null lenses
(13–16). In addition, using ATR-μFTIR, we identified this
material as calcium phosphate in the form of apatite, the same
mineral found in the Cx46fs380 and Cx50D47A mutant lenses
(16). Insoluble calcium-containing material has been previ-
ously reported in cataractous lenses from various species,
including humans and rodents (7–15, 38). Calcium and
phosphate have also been identified in some case reports of
human cataracts (39–41), further suggesting pathological
mineralization of the organ (16, 42).

The gap junctional coupling data from homozygous
CrygCdup lenses are similar to those from Cx46−/− lenses,
which lack Cx46 and have normal levels of Cx50 (43), and
those from homozygous Cx46fs380 and Cx50D47A lenses (15,
44), which have decreased levels of both Cx46 and Cx50 (45,
46). Although the homozygotes in these mouse models have
similar changes in gap junctional coupling, there does not
seem to be a strict correlation between this parameter and the
cataract phenotypes. The cataract severity in the homozygous
CrygCdup lenses seems comparable to that of the denser cat-
aracts in the Cx46−/− lenses and much more pronounced than
the cataracts of homozygous Cx46fs380 and Cx50D47A mice
(45–47). Also, the severity of the cataract phenotype does not
correlate directly with the presence of remaining organelles in
these mouse models, because homozygous Cx46−/− and
Cx46fs380 lenses show normal denucleation (46, 47), whereas
Cx50D47A lenses show impaired differentiation with
remaining nuclei and nuclear fragments (45).

The data obtained from heterozygous mice provide addi-
tional insight regarding the complex relationships between
lens gap junctional coupling and cataracts. The reductions in
gap junctional coupling in heterozygous CrygCdup lenses are
relatively similar to that of heterozygous Cx50D47A lenses
(15); however, at 1 month of age, heterozygous Cx50D47A
lenses contain nuclear cataracts while heterozygous CrygCdup

lenses are transparent. In several other mouse cataract models
decreases in lens fiber cell gap junctional conductance
(resulting from a decrease in connexin levels or from redis-
tribution of the connexin in the membrane) do not necessarily
J. Biol. Chem. (2023) 299(8) 104935 15
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result in overt cataracts. For example, lenses from heterozy-
gous Cx46-or Cx50-null mice, which have half the levels of the
targeted connexin and normal levels of the other lens fiber cell
connexin, are transparent even though they have reduced gap
junctional conductance (43, 48). Mice null for both tropo-
modulin and phakinin have a 50% decrease in gap junctional
conductance, but they do not develop overt cataracts (49, 50).
Even in heterozygous Cx46fs380 lenses (containing decreased
levels of both Cx46 and Cx50 and values of gap junctional
conductance similar to those in CrygC+/dup lenses) opacities
are not detected until ≥ 4 months of age (46). The critical
variable may be the absolute magnitude of the intracellular
concentration of free Ca2+ resulting from impairment of the
lens circulation. Indeed, an increase in the intracellular con-
centration of Ca2+ > 1 μM is a common finding in mouse
models that develop cataracts (14, 15, 51, 52). This suggests
that the timing of cataract appearance may relate to how long
it took for the concentration of free intracellular calcium ions
to reach that value following disruption of the lens circulation.

Mechanism of cataract formation

The results obtained in CrygCdup lenses provide evidence for
a relationship between soluble γ-crystallin proteins, differen-
tiation and connexin stability/function that affects lens ho-
meostasis and transparency. Based on the results presented, we
propose that early expression of the γC-crystallin mutant (and/
or loss of the wild-type protein) affects the differentiation of
primary fiber cells and their normal and regular packing,
resulting in a reduced area of specialized appositional mem-
branes for stabilization of Cx46 and Cx50 in gap junction
plaques. This results in the degradation of the connexins and
decreased gap junctional intercellular communication. As a
result of the decrease in gap junctional conductance, the lens
circulation of ions and water is disrupted. Calcium ions
accumulate and precipitate as apatite. The combination of
calcium precipitates, disorganization of fiber cells, and the
presence of residual organelles all disrupt normal light trans-
mission, leading to severe nuclear cataracts and the halo-like
surrounding opacity between the cortical and the nuclear re-
gions in homozygous CrygCdup lenses.

Identification of calcium precipitates in homozygous
CrygCdup lenses expands the number of cataract models in
which similar precipitates have been identified. These re-
sults together with previous reports demonstrating the
presence of calcium-insoluble material in human cataracts
imply that these precipitates represent a more common
characteristic of cataracts than previously realized. They
further support the involvement of mineralization of the
lens as a component of cataractogenesis regardless of the
initial inciting cause.

Experimental procedures

Animals

Wild-type C57BL/6J mice (# 000664) and homozygous mice
reportedly carrying a γB-crystallin mutation (S11R), B6.A-
CrygbS11R/BocJ (# 003838) (17, 53), were obtained from the
16 J. Biol. Chem. (2023) 299(8) 104935
Jackson Laboratory. The mutation arose spontaneously in the
A/J inbred strain at the Jackson Laboratory, and it was back-
crossed to the C57BL/6J background. Male and female mice
from the crystallin mutant strain or the C57BL/6J strain were
mated to obtain homozygous litters or wild-type C57BL/6J
mice, respectively. To obtain heterozygous litters, mice ho-
mozygous for the crystallin mutant were mated with wild-type
C57BL/6J mice of the opposite sex. Then, heterozygous male
and female mice were mated to obtain the littermates of all
genotypes. The genotypes of these mice were initially deter-
mined by PCR using genomic DNA isolated from tail biopsies
as a template, Phusion High-Fidelity DNA polymerase
(Thermo Fisher Scientific), and the satellite marker D1Mit156
(forward: TCTGCTGCCACTTCTGAGAA; reverse: TGTG
TGTCTATGGACATGGATG). The expected size bands are
112 bp for the mutant allele (because it arose spontaneously in
the A/J background) and 143 bp for the wild-type allele
(because of the extensive backcross to the C57BL/6J strain).
However, the mice we received from the Jackson Laboratory
did not carry the described γB-crystallin mutation. All animal
procedures were approved by the University of Chicago Ani-
mal Care and Use Committee and followed its guidelines.

Polymerase chain reaction

DNA sequence spanning exons 1 and 2 of mouse γB-crys-
tallin was amplified by PCR using Phusion High-Fidelity DNA
polymerase (ThermoFisher Scientific), genomic DNA from
homozygous crystallin mutant mice as the template, and the
following set of primers: sense, GTGTGATTTCCTGTG-
GAGGCAGCAGTC and antisense, TCTAAAAATTCAC-
CACCACGTTCCTGAGAACTG. The 618 bp amplicon was
purified using the QIAquick PCR Purification Kit (Qiagen) and
sequenced at the DNA Sequencing Facility of the University of
Chicago.

Whole genome sequencing

Genomic DNA was obtained from tail samples of three
homozygous crystallin mutant mice and subjected to whole
genome sequencing using the NovaSEQ6000 System (Illumina,
Inc) at the Genomics Facility of the University of Chicago. The
data were analyzed by the Center for Research Informatics of
the University of Chicago. The sequences were aligned to the
GRCm38 reference genome and calibration was performed
using the known variant annotation from dbSNP for the
genomic DNA from the A/J mouse strain. Then, variant calling
and annotation of the identified variants was performed.

Light microscopy analysis

Lenses were observed using a Zeiss Stemi-2000C stereo
microscope (Carl Zeiss) equipped with a halogen lighting
system for transmitted illumination. Darkfield images were
acquired with a Zeiss AxioCam digital camera using Zeiss
AxioVision software (45, 46). All settings (e.g., illumination
intensity, magnification, and exposure time) were kept con-
stant during the acquisition of the images for each animal
group.
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Immunoblotting

Lenses were homogenized in PBS (pH 7.4) containing
4 mM EDTA, 2 mM PMSF, and cOmplete EDTA-free
protease inhibitor mixture (Roche Applied Science) at a
concentration of 1 tablet/7 ml using a glass-glass homoge-
nizer followed by sonication. Protein concentrations were
determined in the total homogenates using the Bio-Rad
Protein Assay Dye Reagent Concentrate based on the
method of Bradford (54).

Aqueous soluble and insoluble fractions were prepared as
previously performed (55). An aliquot (100 μl) of each lens
homogenate was centrifuged at 14,000g for 20 min at 4 �C, and
the supernatant (soluble fractions) was collected. The pellets
were rinsed by resuspension in 100 μl of homogenization
buffer and centrifuged again at 14,000g for 20 min at 4 �C.
Each resulting supernatant was combined with the respective
initial supernatant bringing the final volume to 200 μl. The
pellets (insoluble fractions) were resuspended in 200 μl of
SDS-loading buffer, a volume equal to that of the supernatant
fraction. The soluble and insoluble fractions were stored
at −80 �C until use.

Immunoblotting was performed as previously described
(56). Briefly, whole lens homogenate aliquots containing equal
amounts of proteins were loaded per lane. For the soluble and
insoluble fractions, a volume equal to twice the aliquot
of the corresponding lens homogenate was loaded per
lane. Proteins were resolved on SDS-polyacrylamide gels and
electrotransferred to Immobilon P (Millipore). Equivalence of
loading and transfer was confirmed by Ponceau S staining of
the membranes. Then, the membranes were incubated using
previously characterized anti-Cx46 and anti-Cx50 antibodies
(45, 57), or rabbit polyclonal anti-αA-and anti-αB-crystallin
antibodies (Enzo Life Sciences), mouse monoclonal anti-βB1-
crystallin (H-3) antibody and rabbit polyclonal anti-TOM20
antibodies (Santa Cruz Biotechnology), rabbit polyclonal anti-
γ-crystallin antibodies (a kind gift of Dr Samuel Zigler), rabbit
polyclonal anti-GRP78 BiP antibodies (Abcam), and rabbit
monoclonal anti-histone H3 (D1H2) antibody (Cell Signaling
Technology). Afterward, the membranes were incubated in
horseradish peroxidase-conjugated goat anti-rabbit IgG anti-
bodies or peroxidase-conjugated goat anti-mouse IgG anti-
bodies (Jackson Immunoresearch). Binding of secondary
antibodies was detected using Cytiva Amersham ECL Western
Blotting Detection Reagents (Fisher Scientific). The immuno-
reactive bands from a minimum of three independent exper-
iments were quantified by densitometry using Adobe
Photoshop CS3 (Adobe Systems Inc.). The results are reported
as relative values of the levels detected in wild-type lenses
(considered as a 100%). Graphs were prepared using SigmaPlot
version 10.0 (Systat Software).
Membrane staining

Lenses from 10-day old mouse lenses were dissected and
fixed in 4% paraformaldehyde in PBS for 1 h. The lenses were
then rinsed three times in PBS for 10 min each and trans-
ferred to 30% sucrose in PBS, after which they were stored at
4 �C until use. On the day of sectioning, lenses were
embedded in Tissue-Tek optimum cutting temperature
(O.C.T.) compound (Fisher Scientific) and flash-frozen in
liquid nitrogen. Twenty-μm sections were obtained using a
Microm HM 550 cryostat (Leica Biosystems) and immedi-
ately placed in PBS. Then, sections were incubated in
blocking solution (5% normal goat serum, 1% Triton X-100 in
PBS) for 1 h, followed by incubation in Oregon Green 488
Wheat Germ Agglutinin (W7024, ThermoFisher Scientific)
and Draq5 Fluorescent Probe solution (ThermoFisher Sci-
entific) for 15 min in blocking solution. The sections were
then rinsed five times in PBS for 7 min each. Coverslips were
mounted using 2% propyl gallate (Sigma-Aldrich) in PBS:
glycerol (1:1). Confocal microscopy was performed in the
Integrated Light Microscopy Core at the University of Chi-
cago, which receives financial support from the Cancer
Center Support Grant (P30CA014599). RRID: SCR_019197.
Multiple images covering the lens center were acquired using
a Leica SP5 STED (SP5 II) inverted laser scanning confocal
microscope (Leica Microsystems) equipped with a 5 line
argon laser at 458 nm, 476 nm, 488 nm, 496 nm, and 514 nm;
DPSS laser at 561 nm; HeNe laser at 594 nm; HeNe laser at
633 nm. Sequential illumination with the appropriate wave-
lengths was used to avoid the bleeding of signals between
channels. A seamless panoramic image of the lens center was
generated using the Photomerge command of Adobe Pho-
toshop 2022 (Adobe Systems Inc.).

Immunofluorescence

Immunofluorescence was performed as previously described
(45). Nuclei were stained with Draq5 Fluorescent Probe so-
lution (ThermoFisher Scientific) and filamentous actin was
stained with Alexa Fluor 488 Phalloidin (ThermoFisher Sci-
entific). Images were acquired using a Leica SP5 STED
confocal microscope (Leica Microsystems) at the Light Mi-
croscopy Facility of the University of Chicago. Sequential
illumination with the appropriate wavelengths was used to
avoid the bleeding of signals between channels.

Reverse transcription real-time PCR

Lenses from 30-day-old mice of different genotypes were
homogenized in QIAzol Lysis Reagent (Qiagen) using a glass-
glass homogenizer, and the samples were processed for reverse
transcription real-time PCR as described previously (56) using
the following primers for mouse Cx50 (sense, TTTGACA-
GAGGTTGGAATGG and antisense, GCAGGGTTTCTT
GGTAACTC), and for mouse Cx46 (sense, GTCACTGG
TACTCAACATGC and antisense, CATCTGGGTTGAAGT
GGTTAG). The transcript for cyclophilin A, a housekeeping
gene, was used to normalize the relative levels of RNA among
the different genotypes.

Electrophysiological measurements

Mice were sacrificed at 91–118 days of age by peritoneal
injection of pentobarbital (100 mg/kg of weight), the eyes were
removed, and the lenses were dissected in normal Tyrode’s
J. Biol. Chem. (2023) 299(8) 104935 17



Cataract and apatite
solution (137.7 mM NaCl, 2.3 mM NaOH, 5.4 mM KCl, 2 mM
CaCl2, 1 mM MgCl2, 5 mM HEPES, 10 mM glucose, pH 7.4).
The series resistance between fiber cells was determined as
previously described (44). The values obtained were curve
fitted to the equivalent circuit model of the lens. Data are
presented as mean ± S.E.M. All experiments were conducted
on freshly dissected lenses.

Alizarin red staining of whole-mount lenses and their
insoluble fractions

To stain insoluble material from the lenses, wild-type, het-
erozygous, and homozygous crystallin mutant lenses were
homogenized in PBS containing cOmplete EDTA-free prote-
ase inhibitor cocktail (Roche Applied Science) at a concen-
tration of 1 tablet/7 ml using a glass-glass homogenizer. The
homogenates were centrifuged at 16,000g for 20 min, and the
resulting pellet was resuspended in homogenization buffer.
Equal amounts of the resuspended pellet and a filtered solution
of 2% Alizarin red in water pH 4.1 to 4.3 were added to a glass
slide and mixed by pipetting up and down as previously re-
ported (16).

Lenses from wild-type and homozygous crystallin mutant
animals were processed for whole-mount staining with Aliz-
arin red as previously performed (14).

High-resolution micro-CT

After acquiring darkfield images, lenses were fixed in 5%
paraformaldehyde in PBS for 48 h and scanned by high-
resolution micro-CT to detect the presence or absence of
high X-ray attenuating (mineralized) material using a Sky-
scan 1172 Micro CT System at 60 kV with a final image
stack resolution of 3 to 6 μm cubic voxels. We examined a
total of four wild-type and four homozygous crystallin
mutant mouse lenses. The micro-CT scans were performed
by an investigator who was unaware of the genotypes.
Three-dimensional image stacks were viewed using ImageJ
(as distributed through fiji.sc) (58). Movies from the three-
dimensional scan stacks were generated using 3D
Slicer (59).

Yasue staining

After micro-CT scanning, each lens was dehydrated,
embedded in paraffin, and cut to obtain 5-μm sections.
Alternating sections were deposited on regular glass for
staining with the Yasue method to show calcium salts (60) and
on low-emissivity (low-E) glass for infrared microspectroscopy.

Fourier-transform infrared microspectroscopy

The crystal composition of homozygous crystallin mutant
lenses was determined by Attenuated Total Internal Reflec-
tion Fourier-transform infrared microspectroscopy (ATR-
μFTIR). The unstained tissue sections were imaged using the
visible CCD camera and frame grabber on the Spectrum
Spotlight (61). Infrared images over the selected area were
collected with a PerkinElmer Spotlight 400 infrared micro-
scope interfaced to a PerkinElmer Frontier FTIR. The system
18 J. Biol. Chem. (2023) 299(8) 104935
employed a 16 × 1, liquid nitrogen–cooled, mercury cadmium
telluride (HgCdTe) array detector. The ATR imaging acces-
sory is based on a germanium internal reflection element
which enables infrared spectra to be collected at a pixel res-
olution of 1.56 μm. Each spectrum in the image represents
the average of four individual scans collected at a spectral
resolution of eight wavenumbers (cm−1).
Statistics

Data were analyzed for statistical significance using two-
tailed Student’s t test. A p value <0.05 was considered
significant.
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