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PURPOSE. Lim2 (MP20) is the second most abundant integral
protein of lens fiber cell membranes. A comparative analysis
was performed of wild-type and Lim2-deficient (Lim2Gt/Gt)
mouse lenses, to better define the anatomic and physiologic
roles of Lim2.

METHODS. Scanning electron microscopy (SEM) and confocal
microscopy were used to assess the contribution of Lim2 to
lens tissue architecture. Differentiation-dependent changes in
cytoskeletal composition were identified by mass spectrometry
and immunoblot analysis. The effects on cell–cell communica-
tion were quantified using impedance analysis.

RESULTS. Lim2-null lenses were grossly normal. At the cellular
level, however, subtle structural alterations were evident. Con-
focal microscopy and SEM analysis revealed that cortical
Lim2Gt/Gt fiber cells lacked the undulating morphology that
characterized wild-type fiber cells. On SDS-PAGE analysis the
composition of cortical fiber cells from wild-type and Lim2-null
lenses appeared similar. However, marked disparities were
evident in samples prepared from the lens core of the two
genotypes. Several cytoskeletal proteins that were abundant in
wild-type core fiber cells were diminished in the cores of
Lim2Gt/Gt lenses. Electrophysiological measurements indicated
a small decrease in the membrane potential of Lim2Gt/Gt lenses
and a two-fold increase in the effective intracellular resistivity.
In the lens core, this may have reflected decreased expression
levels of the gap junction protein connexin 46 (Cx46). In
contrast, increased resistivity in the outer cell layers of
Lim2Gt/Gt lenses could not be attributed to decreased con-
nexin expression and may reflect the absence of cell fusions in
Lim2Gt/Gt lenses.

CONCLUSIONS. Comparative analysis of wild-type and Lim2-defi-
cient lenses has implicated Lim2 in maintenance of cytoskel-
etal integrity, cell morphology, and intercellular communi-
cation. (Invest Ophthalmol Vis Sci. 2011;52:7332–7339) DOI:
10.1167/iovs.11-7724

L im2 belongs to Pf00822, a family of small (160-173 amino
acids), integral membrane glycoproteins that includes epi-

thelial membrane protein 1-3 (EMP 1-3), peripheral myelin
protein 22 (PMP-22), and claudins. Members of this family are
believed to have a tetraspan topology, with four transmem-
brane helices and a conserved W-GLW-C-C motif in the first
extracellular loop.1 Mass spectrometric analysis of bovine
lenses indicates that, in vivo, Lim2 is phosphorylated near the
C terminus, at Ser-170 and, to a lesser degree, at Thr-171. The
monophosphorylated form is believed to predominate, al-
though diphosphorylated and unphosphorylated proteins are
also present.2

Shotgun proteomic studies place Lim2 second only to aqua-
porin 0 (Aqp0) in apparent abundance in the fiber cell mem-
brane,3 and a microarray-based expression atlas of multiple
tissue and cell types suggests that Lim2 is essentially a lens-
specific protein.4

Lim2 is conserved across the vertebrate lineage (from mam-
mals to zebrafish5), implying that it has important functions in
the lens, the only tissue in which it is known to be expressed
at significant levels.4 Genetic analyses in mice and humans
indicate that Lim2 has an indispensible role in lens cell biol-
ogy.6 Mutations in Lim2 underlie cataract formation in the To3
mouse mutant,7 perhaps through a dominant negative mecha-
nism.8 The Aca47 mouse, identified in a mutagenesis screen,
harbors a cysteine-to-arginine substitution at position 51 in
Lim2, resulting in a small, cataractous lens phenotype.9 In
humans, two recessive mutations in LIM2 are associated with
inherited forms of cataract: a missense mutation (Gly154Glu) is
linked to congenital cataract,10 and a Phe105Val substitution
underlies presenile cataract.11

The Lim2 locus has been disrupted in mice using the
gene-trap (Gt) technique, effectively resulting in a null allele.12

Lenses from Lim2Gt/Gt mice were comparable in size and
shape to wild-type lenses but, with age, developed faint pul-
verulent cataracts.12 Laser analysis of isolated lenses revealed
that, although the tissue was largely transparent, the internal
refractive properties of Lim2-null lenses were disturbed. De-
spite these and other observations, no clearly defined function
for Lim2 has emerged. It has been suggested that Lim2 may
have an adhesive role, although evidence of this is indirect. In
rats, Lim2 is incorporated into fiber cell membranes in a region
of the lens that becomes impenetrable to extracellular trac-
ers,13 consistent with the notion that Lim2 promotes close
association of adjacent cells.14 An adhesive role is also sug-
gested by the observation that lenses from Lim2-deficient mice
are more readily dissociated into constituent cells than are
those from wild-type mice.12
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A recent report provided evidence that Lim2 may also
function in lens intercellular communication.13 In avian and
rodent lenses, proteins and other macromolecules diffuse from
cell-to-cell within the body of the lens.15,16 The conduits for
intercellular protein diffusion are believed to be regions of
limited cellular fusion.15 Shi et al.13 used induced expression of
green fluorescent protein (GFP) to visualize intercellular diffu-
sion in mouse lenses directly. Significantly, on a Lim2Gt/Gt

background, GFP diffusion did not occur and cellular fusions
failed to form. Thus, Lim2 appears to be required for formation
or maintenance of the lens syncytium.

The relationship between Lim2-dependent diffusion of large
molecules and gap junction–mediated diffusion of ions and
other small molecules is unclear. It has long been appreciated
that fiber cells are electrically very well coupled.17 This phe-
nomenon has been ascribed to the presence of numerous gap
junctions that conjoin the fiber cell membranes.18 Lens fiber
cells express two gap junction proteins: connexin46 (Cx46)
and connexin50 (Cx50). Whereas macromolecules do not per-
meate gap junctions, ions and small metabolites are expected
to diffuse from cell-to-cell through cellular fusions. Were they
sufficiently numerous, cellular fusions could therefore contrib-
ute significantly to the electrical properties of the lens. A
comparative electrophysiological study of wild-type lenses and
Lim2Gt/Gt lenses (in which membrane fusions do not form)
offers an opportunity to parse the contributions of the two,
coexisting intercellular pathways.

In the present study, we extended our analysis of the lens of
Lim2Gt/Gt mice. We show that the absence of Lim2 is associ-
ated with accelerated breakdown of key cytoskeletal proteins
in central lens cells. Structural studies revealed concomitant
changes in the three-dimensional shape and packing arrange-
ment of lens fiber cells in Lim2-null animals. Morphologic
changes were accompanied by alterations in the electrophysi-
ological properties of the lens fiber cell membranes and an
increase in intracellular resistivity. Together with previous
studies, the present data indicate that Lim2 has indispensible
roles in multiple aspects of the fiber cell differentiation pro-
cess.

MATERIALS AND METHODS

Animals

The generation of Lim2-deficient animals (Lim2Gt/Gt) has been de-
scribed previously.12 Lim2Gt/Gt mice were genotyped to exclude the
presence of a deletion mutation in the gene for lens beaded filament
structural protein-2 (Bfsp2) which has previously been detected in 129
and FVB/N mouse strains.19,20 Wild-type (C57/BL6) mice were ob-
tained from The Jackson Laboratory (Bar Harbor, ME). Mice (aged 1–2
months) were killed by CO2 asphyxiation. The lenses were dissected
from the eye through an incision in the posterior of the globe. All
procedures described herein were approved by the Washington Uni-
versity Animal Studies Committee and performed in accordance with
the ARVO Statement for the Use of Animals in Ophthalmic and Vision
Research.

Single Cell Imaging

Lenses were dissected from age-matched wild-type or Lim2Gt/Gt mice
and fixed for 5 hours in 4% paraformaldehyde/PBS, as described.21

Fixed lenses were cut in half along the optic axis to expose the cellular
strata. With fine forceps, individual cells and/or bundles of cells were
dissected from specific layers of the lens. We divided the lens fiber
mass into seven layers of approximately equal thickness, as de-
scribed.22 The innermost cell layer was designated layer 0 and the
outermost fiber cells were assigned to layer 6. Fiber cells dissected
from each layer were dried onto polylysine-coated slides. The cells
were then permeabilized with 0.1% Triton X-100 for 5 minutes,

blocked with 3% BSA for 30 minutes and incubated overnight in 1:100
dilution of rabbit anti-human AQP0 (AQP01-A; Alpha Diagnostics, San
Antonio, TX) and either 1:50 dilution of goat anti-mouse Cx46 (SC-
20861; Santa Cruz Biotechnology, Inc., Santa Cruz, CA) or 1:50 dilution
of goat anti-human Cx50 (SC-20876; Santa Cruz Biotechnology, Inc.).
AQP0 immunofluorescence was used to visualize the surface morphol-
ogy of the cells. Cells were washed several times in PBS and incubated
for 2 hours with 1:200 dilution of Alexa543-conjugated goat anti-rabbit
antibody or 1:150 dilution of Alexa488-conjugated chicken anti-goat
antibody (Invitrogen, Carlsbad, CA). Cells were washed, mounted
in anti-fade reagent (Prolong; Invitrogen), coverslipped, and examined
by confocal microscopy. A through-focus set of optical sections was
obtained using a confocal microscope (LSM510; Carl Zeiss, Thorn-
wood, NY). Images were collected using an alpha plan fluar 100� (NA
1.45) objective. Electronic zoom was set to 3.0, resulting in x, y pixel
dimensions of 40 nm. The z interval was 100 nm. The point-spread
function (PSF) of the microscope was distilled from through-focus
image stacks of subresolution (170-nm diameter) fluorescent beads
(PS-Speck; Invitrogen). The measured PSF was used to deconvolve the
stacks of fiber cell images using image-processing software (Huygens
Essential, version 3.4; Scientific Volume Imaging [SVI], Hilversum, The
Netherlands). The deconvolved image stacks were then rendered (Sim-
ulated Fluorescence Process [SFP] Renderer; SVI).

Scanning Electron Microscopy

Lenses were fixed in a mixture of 2% paraformaldehyde and 2.5%
glutaraldehyde in 0.1 M sodium cacodylate buffer for 1 hour.23 Lenses
were then split in half along the optic axis and fixed for a further 12
hours. The tissue was dehydrated through acetone, critical point dried,
and then split into quarters, yielding fresh fracture surfaces. Specimens
were sputter coated and examined with a scanning electron micro-
scope (XL 30; Philips, Andover, MA).

Proteomic Analysis

Lens fiber cell samples from wild-type and Lim2Gt/Gt mice were pre-
pared in lysis buffer (Tris-HCl 50 mM [pH 7.4] 1% SDS and protease
inhibitor cocktail; Roche Applied Science, Indianapolis, IN). Proteins
were separated by electrophoresis on 10% Mes-SDS gels (NuPAGE;
Invitrogen), and stained with SYPRO Ruby. Images were acquired with
a scanner (Typhoon 9400; GE Healthcare, Piscataway, NJ). Selected gel
features were excised robotically and analyzed with a matrix-assisted
laser desorption ionization time-of-flight instrument (4700; Applied
Biosystems, Inc. [ABI] Foster City, CA). Mass spectrometric analysis
was performed by the Proteomics Core at Washington University.

Immunoblot Analysis

Lenses (n � 10–12) were decapsulated and divided into cortical (from
the outer 50% of the radius) and core (from the inner 50% of the radius)
fractions. The fractions were immediately placed into ice-cold buffer
(20 mM Tris-HCl [pH 7.4], 100 mM KCl, 5 mM EDTA, 4 mM DTT,
protease inhibitor cocktail; Roche, Indianapolis, IN) and homogenized
with 20 strokes of a homogenizer (Dounce; Bellco, Vineland, NJ).
Proteins were separated by SDS-PAGE and transferred to nitrocellulose.
Blots were incubated with the following primary antibodies: rabbit anti-
recombinant mouse filensin (CP115), rabbit anti-mouse CP49 (Bfsp2),
chicken anti-recombinant human vimentin (IgY fraction), goat anti-Cx46
(Santa Cruz Biotechnology), goat anti-Cx50 (Santa Cruz Biotechnology),
and mouse anti-spectrin (MAB1622; Chemicon, Temecula, CA). Primary
antibodies were detected with horseradish peroxidase–conjugated sec-
ondary antibodies and enhanced chemiluminescence. A cooled CCD cam-
era (GeneGnome; Syngene, Cambridge, UK) was used for densitometric
analysis of the immunoblots. Intensity ratios were computed by dividing
the intensity value for the full-length protein in the lens core by the
corresponding value in the cortex. Differences between samples were
evaluated by two-tailed t-test.
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Impedance Analysis

Impedance measurements were performed as described.24 Briefly,
lenses were pinned to the surface of a Sylgard-coated dish by means of
four flaps of sclera left attached during the dissection process. Lenses
were bathed in Tyrode’s solution of the following composition: (mM)
137.7 NaCl, 5.4 KCl, 2.3 NaOH, 2 CaCl2, 1 MgCl2, 10 glucose, 5 HEPES
(pH 7.4). The tip of a current-passing microelectrode was inserted into
a fiber cell located near the center of the lens and used to inject
stochastic current of selected bandwidth. The tip of a second micro-
electrode was inserted at various depths into the lens. This electrode
was used to map out induced voltage in response to the injected
current. From these data, the cumulative series resistance (Rs) between
the tip of the voltage-recording electrode and the lens surface was
measured. Current is believed to flow from the point of injection in the
center of the lens to the tissue surface via both intracellular and
extracellular routes. If relatively high-frequency (�1 kHz) current is
injected, membrane capacitance is short circuited and Rs is propor-
tional to Rp, the parallel resistivity of the effective intracellular resis-
tivity (Ri) and effective extracellular resistivity (Re). Under normal
conditions, Re is greater than Ri and, therefore, Rp � Ri. Ri is a measure
of the gap junctional coupling resistance. It was assumed in the
analyses that Re does not change significantly between genotypes.

Previous studies in rodent lenses have shown that the composition
and distribution of gap junctions varies with radial (and angular)
position and that this has implications for the flow of current within
the lens.25 Two functionally distinct compartments have been de-
scribed. In differentiating fibers (DF; defined as the outer 15% of the
lens radius), the cells are relatively well coupled, with a gap junctional
conductance [Gj] of 1 S/cm2 of cell–cell contact.26 Cells in this outer
layer express two kinds of gap junction proteins, Cx46 and Cx50, and
both are believed to contribute to cell–cell conductance. At depths
greater than 15% of the lens radius (in so-called mature fibers; MF)
extensive remodeling of the fiber cell plasma membrane occurs, and
many extant proteins are cleaved, including Cx50, the C terminus of
which is truncated. In vitro studies suggest that Cx50 truncation
reduces macroscopic conductance by almost 90%.26 Consequently,
cell–cell coupling in MF cells is believed to depend almost exclusively
on Cx46 and Gj in this region is reduced to approximately half of the
value recorded in the DF layer.

Values for Ri in the DF region (RDF) and the MF region (RMF) of
wild-type and Lim2Gt/Gt lenses were derived from the best fits of
equations 1 and 2 to the series resistance measurements:

RS �
RDF

4� �1

r
�

1

a� b � r � a (1)

RS �
RDF

4� �1

b
�

1

a��
RMF

4��1

r
�

1

b� 0 � r � b (2)

where a is the lens radius (in centimeters); b is location of the DF/MF
boundary, and r is the distance of voltage recording electrode from the
center of the lens. The specific coupling conductance (conductance
per unit area of cell–cell contact) was calculated from GDF � 1/wRDF

and GMF � 1/wRMF, where RDF and RMF are defined in equations 1 and
2 and w is 3 � 10�4 cm.

RESULTS

Structural Analysis

Although, with time, Lim2Gt/Gt lenses exhibit faint pulverulent
cataracts, the gross appearance of such lenses is normal.12

Lim2Gt/Gt lenses are also indistinguishable from age-matched,
wild-type lenses on conventional histologic examination.12 To
determine whether the absence of Lim2 may be associated
with other, more subtle, morphologic deficits, a combination
of confocal microscopy and scanning electron microscopy
(SEM) was used.

Individual lens fiber cells were dissected from fixed wild-
type and Lim2Gt/Gt lenses and visualized by confocal micros-
copy (Fig. 1). As noted previously,22 fiber cell morphology
varied significantly with depth. In either genotype, the outer
cell layers (layers 5 and 6) featured smooth, straight (rectilin-
ear), ribbonlike cells. In layer 4 (located in the midcortex of the
lens, approximately 200 �m beneath the surface), wild-type
cells had an undulating shape, as described.21 In contrast, fiber
cells dissected from layer 4 of Lim2Gt/Gt lenses were rectilinear
rather than undulating in shape. Immunofluorescence localiza-
tion of Cx46 and Cx50 in layer 4 and 5 fiber cells did not reveal

FIGURE 1. Fiber cell morphology
and gap junctional organization in
lenses from wild-type and Lim2Gt/Gt

mice. Individual fiber cells were dis-
sected from layers 4 and 5 of the lens
and imaged by confocal microscopy.
In layer 5 (�50 �m below the sur-
face), fiber cells from both genotypes
were rectilinear in shape and gap
junction plaques (green) were re-
stricted to the center of the broad
faces of the fiber cells. Further into
the lens (layer 4; �200 �m below
the surface), wild-type fiber cells had
an undulating form, whereas Lim2Gt/Gt

fibers retained the rectilinear morphol-
ogy characteristic of the outer (layer 5)
cells. Scale bar, 10 �m.
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any significant differences in abundance or distribution of gap
junction proteins between the two genotypes. The morphol-
ogy of cells from layers 0 to 3 was indistinguishable between
the two genotypes (data not shown). To corroborate the single
cell confocal analysis, fixed lenses were fractured open along
the optic axis to expose their laminar substructure and exam-
ined by scanning electron microscopy (Fig. 2). In the cortical
region (layer 4) of wild-type lenses, the fracture face had a
fluted appearance because of the presence of regularly spaced
radial ridges (Fig. 2A). Higher magnification images revealed
that the radial ridges consisted of undulating fiber cells viewed
from their lateral aspect (Fig. 2C). The undulations in one layer
of cells were in phase with those of adjacent fiber cell layers
(see also the explanatory drawing in Fig. 3). Radial ridges were
not present in Lim2Gt/Gt lenses (Fig. 2B), as confirmed by
higher magnification images (Fig. 2D). Thus, the SEM analysis
was consistent with single cell imaging results (Fig. 1).

To examine whether the absence of Lim2 influenced the
expression of other membrane or cytoskeletal components,
proteins were isolated from the cortical or core regions of
wild-type and Lim2Gt/Gt lenses and separated by gel electro-
phoresis. Cursory inspection of the resulting gels revealed that,
whereas samples isolated from the lens cortex were indistin-
guishable, differentially expressed bands were present in the
core region (data not shown). Some differentially expressed
bands were excised robotically from the gel. Mass spectromet-
ric analysis revealed that, among the differentially expressed
proteins were the cytoskeletal components spectrin, vimentin,
CP49, and filensin. To verify the differential expression of
these proteins, we performed quantitative immunoblot analy-
sis. Representative gels are shown in Figure 4A and corre-
sponding densitometric data are shown in Figure 4B and 4C.

In all cases, proteins were present as multiple bands on
immunoblots (Fig. 4A), presumably reflecting the many post-
translational modifications that cytoskeletal elements undergo
during fiber cell terminal differentiation.27,28 In the cortical
samples, the pattern of proteolytic fragments was indistin-
guishable between wild-type and Lim2Gt/Gt lenses. Conse-
quently, the protein expression ratios (computed from the

relative abundance of the full-sized protein) were close to unity
for the two genotypes (Fig. 4B). In wild-type lenses, there was
a significant decrease in the abundance of full-length protein in
the core samples compared with the cortical samples (Fig. 4C).
The intensity ratios (core intensity/cortical intensity) ranged
from approximately 0.1 for spectrin to 0.9 for CP49 and most
likely reflect proteolysis occurring during the latter stages of
fiber differentiation. In Lim2Gt/Gt lenses, this process was even
more marked. As a result, proteins such as vimentin were
barely detectable in the core of Lim2Gt/Gt lenses (Fig. 4A). For
each of the proteins, there was a statistically significant de-
crease in intensity ratio compared to wild-type (Fig. 4C). To-

FIGURE 2. Scanning electron micro-
graphs of fiber cells in wild-type (A,
C) and Lim2Gt/Gt lenses (B, D).
Lenses were fractured along the op-
tical axis to expose the laminar sub-
structure of the tissue (A, B). In (A),
the depth gauge indicates the ap-
proximate location of the strata from
which cells were dissected for con-
focal imaging (Fig. 1). Boxed regions
in (A) and (B) are shown at higher
magnification in (C) and (D), respec-
tively. Vertical ridges in the fracture
face (C) are caused by in-phase un-
dulations in successive layers of fiber
cells (see explanatory drawing in Fig.
3). In Lim2-deficient lenses (D), cor-
tical fiber cells have a rectilinear
rather than undulating shape. Conse-
quently, the fractured surface appears
smooth rather than ridged. Scale bars:
(A, B) 100 �m; (C, D) 10 �m.

FIGURE 3. Fiber cell packing arrangement in the cortical region (layer
4) of wild-type lenses. The fiber cells are highly elongated, with a
flattened, hexagonal cross section. Fingerlike protrusions extend from
the six cell vertices. The undulating morphology of one fiber cell is in
phase with undulations in the cells above and below. When viewed
from the lateral aspect, therefore, a column of fiber cells has a fluted
appearance, with in-phase undulations forming a series of radially
oriented ridges (arrows) in the tissue face (compare with Fig. 2C).
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gether, these data suggest that the degradation of the cytoskel-
eton observed during the course of normal fiber cell
maturation is accelerated significantly in Lim2Gt/Gt lenses.

Impedance Analysis

Lim2 expression is necessary for the formation of membrane
fusions in the lens and the subsequent intercellular diffusion of
proteins.13 Fusions are also expected to facilitate the intercel-
lular flow of ions and small molecules, but their contribution to
the electrical properties of the lens has not been defined. To
gain insights into the physiological role of Lim2, we performed
a comparative electrical impedance study of wild-type and
Lim2Gt/Gt lenses.

Lens input resistance, measured near the surface of the
tissue, was indistinguishable between wild-type and Lim2Gt/Gt

lenses (Table 1), suggesting that the absence of Lim2, a major
component of the fiber cell membrane, did not have untoward
effects on membrane integrity. However, membrane potential
was slightly, but significantly depolarized, indicating that the
permeability properties of the mutant lenses were somewhat
altered. Figure 5 shows Rs data from wild-type and Lim2Gt/Gt

lenses and the curve fit of equations 1 and 2 to the data.
Compared to wild-type, Rs was greater at all radial locations in
Lim2Gt/Gt lenses. It is qualitatively evident, therefore, that
cell–cell coupling was reduced throughout Lim2Gt/Gt lenses.
The averaged best-fit values for wild-type lenses were RDF �
6.0 k� � cm and RMF 9.2 k� � cm and for Lim2Gt/Gt were RDF

13.2 k� � cm and RMF � 20.1 k� � cm. Coupling conductance
per unit area of cell-to-cell contact for each genotype is shown
in Table 2. On average, the absence of Lim2 was associated

FIGURE 4. Differential expression patterns of cytoskeletal proteins in the cortex (Cx) and core (Co) of wild-type and Lim2Gt/Gt lenses. (A)
Immunoblot analysis of vimentin, spectrin, CP49, and filensin expression. In wild-type lenses, the full-length forms of each protein (arrowheads)
were reduced in abundance in the core samples relative to the cortical samples. Although the expression level of each protein was similar
(expression ratio close to 1) in cortical samples from wild-type and Lim2Gt/Gt lenses (B), the expression level in the core of the Lim2Gt/Gt lenses
was significantly (P � 0.05) reduced compared with core the samples from wild-type lenses (C). The data in (B) and (C) represent the
averages � SD of three independent determinations.

TABLE 1. Electrophysiological Properties of Wild-Type and Lim2Gt/Gt Lenses

Wild-Type
(n � 19 Lenses from 11 Mice)

Lim2Gt/Gt

(n � 13 Lenses from 7 Mice) P

Input resistance, k� 3.6 � 0.5 3.4 � 0.6 0.61
Membrane potential, mV �63 � 4 �55 � 5 0.0001

Data represent mean � SD of n determinations.
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with a 55% decrease in coupling conductance in both the DF
and MF regions of the lens.

The twofold increase in cell–cell resistance in the Lim2Gt/Gt

lens was consistent with the notion that lens fusions account
for 50% of the intercellular flow of ions. However, an alterna-
tive explanation could be that the absence of Lim2 had directly
or indirectly effected connexin expression. To test this possi-
bility, we examined the expression of Cx46 and Cx50 in the
core and cortical regions of wild-type and Lim2Gt/Gt lenses
(Fig. 6). Cx50 was detected at approximately equal levels in
cortical samples from wild-type and Lim2Gt/Gt lenses but was
not detected in core samples from either genotype. The ab-
sence of Cx50 signal from the lens core probably reflects
truncation of the Cx50 carboxyl terminus during fiber differ-
entiation and loss of the epitope recognized by the Cx50
antibody. The levels of Cx46 were indistinguishable in cortical
samples from the two genotypes. However, there was a signif-
icant (�50%) reduction in Cx46 abundance in the core sam-
ples from Lim2Gt/Gt lenses. These data suggest that the in-
creased intercellular resistance in the center of Lim2Gt/Gt

lenses could be attributed to decreased expression of Cx46 in
the absence of Lim2. However, the same argument cannot be
made in the outer fiber cell layer, because in that region

connexin levels were indistinguishable between the two geno-
types as indicated by the immunoblot data (Fig. 6A) and the
immunocytochemical results (Fig. 1).

DISCUSSION

In recent years, genes encoding several of the most abundant
lens membrane proteins (Aqp0, Cdh2, Cx46, and Cx50) have
been inactivated in mice. Without exception, the knockout
phenotypes have been severe.29–32 The relatively mild lens
phenotype observed in Lim2Gt/Gt mice thus sets Lim2 apart
from the other superabundant lens membrane proteins. Previ-
ous studies have shown that Lim2Gt/Gt lenses are grossly nor-
mal, albeit slightly smaller than age-matched wild-type lenses.12

Faint, pulverulent opacities develop with age but, at all stages,
the lens remains largely transparent. Even on histologic inspec-
tion, it is difficult to differentiate between wild-type and
Lim2Gt/Gt lenses. Some differences between the genotypes
have been noted, however. For example, the internal refractive
properties of LimGt/Gt lenses are disturbed.12 It has also been
shown that the intercellular diffusion of proteins, a feature of
mature fiber cells in wild-type lenses, does not occur in
Lim2Gt/Gt lenses.13 Whether the absence of the intercellular
protein diffusion pathway contributes to the development of
the refractive anomalies remains to be determined.

In the current manuscript, we extended our morphologic
and biochemical analysis of the Lim2Gt/Gt lens phenotype. To
examine cellular phenotypes in three dimensions and at high
spatial resolution, we used a novel technique in which individ-
ual fiber cells were dissected from various strata of wild-type or
Lim2Gt/Gt lenses and visualized by confocal microscopy.
Viewed in three dimensions, it was apparent that Lim2Gt/Gt

and wild-type fiber cells were structurally similar. In each case,
the cells had a flattened hexagonal cross section and their

FIGURE 5. Rs between the tip of the voltage-recording electrode lo-
cated r centimeters from the lens center and the surface of a lens of
radius a centimeters. Data are plotted as a function of the fractional
distance (r/a) from the center of the lens. (B) An expanded view of the
boxed region from (A). This region corresponds to the zone of DF
cells.

TABLE 2. Coupling Conductance per Unit Area of Cell-to-Cell Contact
Calculated from the RDF and RMF Values for Each Genotype

Wild-Type Lim2Gt/Gt

Coupling conductance, S/cm2 of
cell-to-cell contact

DF 0.56 0.25
MF 0.36 0.16

Normalized coupling conductance
DF 1.00 0.45
MF 1.00 0.44

FIGURE 6. Expression levels of Cx46 and Cx50 in the cortex (Cx) and
core (Co) of wild-type and Lim2Gt/Gt lenses. (A) The epitope recog-
nized by the Cx50 antibody was only present in the cortical fraction
from the two genotypes. (B) Cx46 was detected in the core and
cortical fractions of wild-type and Lim2Gt/Gt lenses. (C) The expression
level of Cx46 and Cx50 in the cortices of wild-type and Lim2Gt/Gt

lenses were indistinguishable. (D) The level of Cx46 in the core of
Lim2Gt/Gt lenses was approximately half that observed in the core of
wild-type lenses. The quantitative data shown in (C) and (D) represent
mean � SD of three independent determinations. Arrowheads: full-
length protein.

IOVS, September 2011, Vol. 52, No. 10 Lens Phenotype in Lim2-Deficient Mice 7337



surface membranes were decorated with regularly arranged
fingerlike processes that protruded from the cellular vertices
and, in life, serve to interconnect the fiber cells. The sole
difference in cellular morphology noted in this study was that
all LimGt/Gt fiber cells were rectilinear in shape, whereas fibers
isolated from the midcortical strata (layer 4, in the terminology
used in this study) of the wild-type lens had an undulating
shape. This finding was substantiated by scanning electron
microscopy. The significance of this observation is unknown,
however. The adoption of the undulating form occurs rela-
tively late in fiber differentiation, in cells undergoing, or about
to undergo organelle breakdown.23 Whether or not the change
in cell shape has a specific function in the lens or is merely an
epiphenomenon associated with other aspects of the differen-
tiation program is not known. To the best of our knowledge,
undulating fiber cells have been reported only in rodent
lenses23; it is unclear whether these structures are a common
feature of vertebrate lenses. Interestingly, a recent report has
shown that, in contrast to the situation in Lim2Gt/Gt fiber cells
(where the mutant fibers are abnormally straight), the absence
of the cell–cell adhesion protein Cadm1 from the lens results
in fiber cell undulations of exaggerated amplitude.21

The cytoskeleton is remodeled significantly during the ter-
minal differentiation of lens fiber cells. Some components,
such as microtubules, that are prominent in the outer cell
layers are lost completely during the early stages of differenti-
ation.33 Other cytoskeletal elements, for example, spectrin, are
subjected to progressive proteolysis.28,34 As a result, immuno-
blots of cytoskeletal proteins isolated from the entire lens (and
thus containing cells at all stages of differentiation) generally
reveal families of proteolytic fragments derived from full-sized
parent molecules. Quantitative comparisons of key cytoskeletal
proteins in lenses from wild-type and Lim2Gt/Gt lenses revealed
that proteolytic degradation was accelerated significantly in
fiber cells isolated from the center of the Lim2Gt/Gt lens. The
identity of the proteases responsible for cleaving the cytoskel-
etal substrates is not known but the concomitant degradation
of structurally unrelated proteins suggests the involvement of a
relatively nonspecific pathway. Calcium-activated proteases,
calpains, have been implicated in normal aspects of fiber cell
differentiation and in pathologic conditions that culminate in
abnormally high concentrations of intracellular calcium in the
lens.28,35 For example, opacification of the nuclear region of
lenses deficient in Cx46 is secondary to calcium influx and
activation of calpain 3 in central fiber cells.29,36 The cytoskel-
etal proteins degraded in the center of Lim2Gt/Gt lenses are all
well-characterized calpain substrates. We hypothesize, there-
fore, that the absence of Lim2 results in either increased influx
and/or decreased efflux of calcium, as a result of which intra-
cellular calcium accumulates, calpains are activated, and pro-
teolytic cleavage is accelerated. A similar mechanism has been
proposed to account for the dense cataracts that develop in the
center of Cx46-knockout lenses.36,37 Further studies are
needed to determine whether calcium accumulates in the
center of Lim2Gt/Gt lenses and the role specific calpains may
play.

The availability of Lim2Gt/Gt lenses offers an opportunity to
parse the contributions of the two intercellular diffusion path-
ways that coexist in lenses. The cell–cell movement of ions
and other small molecules is facilitated by gap junction chan-
nels (composed of Cx46 and Cx50). Proteins, however, appear
to diffuse from cell-to-cell via regions of cellular fusion.38 In
principle, both pathways could contribute to coupling conduc-
tance, but equivalent circuit models have generally neglected
the contribution of fusions on the grounds that they were not
numerous enough to influence the electrical properties.39

However, recent GFP tracer studies suggest that intercellular
protein diffusion is a property of all but the most superficial

fiber cells.13,15,16,40,41 Furthermore, the uniform distribution of
GFP in labeled lenses suggests that most central fiber cells are
fused to some degree. It has been shown that fusions do not
form in Lim2Gt/Gt lenses.13 Such lenses therefore provide a
model in which the contribution of gap junction–mediated
conductance can be assessed in the absence of the parallel
fusion pathway. Impedance analysis indicated that the inter-
cellular resistance was approximately doubled in Lim2Gt/Gt

lenses compared to wild-type, consistent with the notion that,
in wild-type lenses, 50% of intercellular current flows through
cellular fusions. This interpretation was confounded however
by the observation that expression levels of Cx46 in the center
of Lim2Gt/Gt lenses were also significantly reduced. Under
these circumstances, the increased resistance in the center of
the Lim2Gt/Gt lens may equally be attributed to reduced Cx46
expression. An increase in intercellular resistance was also
measured in the outer cortical layers. In this region, connexin
expression levels in wild-type and Lim2Gt/Gt lenses were com-
parable. It is possible, therefore, that fusions contribute to
intercellular current flow in this region. A caveat with compar-
ative analyses such as these is that the deletion of a major
component of the membrane proteome inevitably has pleio-
tropic consequences. We showed that disruption of the Lim2
locus affects the expression of Cx46. Others have shown the
converse, that deletion of fiber cell connexins blocks the in-
tercellular diffusion of proteins, presumably by preventing
fusion formation.40 Further experiments, perhaps employing
acute models, will therefore be necessary to definitively parse
the contributions of these parallel systems for intercellular
diffusion of solutes in the lens.
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