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Multiple abnormalities precede cataracts in Cx46fs380 mice
Eric C. Beyer1, Junyuan Gao2, Peter J. Minogue1, Layne A. Novak3, 
Rebecca K. Zoltoski3, Richard T. Mathias2, Viviana M. Berthoud1. 
1Pediatrics, University of Chicago, Chicago, IL; 2Physiology and 
Biophysics, Stony Brook University, Stony Brook, NY; 3Illinois 
College of Optometry, Chicago, IL.
Purpose: Cx46fs380 mice model a human congenital autosomal-
dominant cataract caused by a mutant lens connexin, Cx46. The 
present studies were conducted to determine whether there are lens 
abnormalities in these mice before there are detectable cataracts. In 
homozygous Cx46fs380 mice, cataracts are first observed around 
2 months of age, while in heterozygotes, they are not seen until 4 
months of age or later.
Methods: Lenses from wild type mice and Cx46fs380 heterozygotes 
and homozygotes were studied at 1-3 months of age to determine 
refractive properties (by photographing the lenses above a 200-mesh 
electron microscopy grid), focusing ability (by laser scanning), and 
membrane potential, gap junctional coupling and hydrostatic pressure 
(by microelectrode studies of intact lenses).
Results: Lenses from homozygous mice significantly distorted 
the EM grid pattern and had reduced focal lengths compared to 
wild type lenses. The differentiating and mature fiber cells of 
heterozygous and homozygous Cx46fs380 animals had significantly 
depolarized membrane potentials; this alteration was more severe 
in homozygotes. Gap junctional coupling was decreased in both 
mature and differentiating fibers in heterozygous and homozygous 
Cx46fs380 mice; in homozygotes, the mature fibers had no detectable 
coupling. Hydrostatic pressure was also significantly increased in the 
lenses of mutant mice (homozygotes > heterozygotes).
Conclusions: Homozygous Cx46fs380 mice have alterations of 
lens refractive and focusing properties that are detectable before the 
appearance of cataracts and are consistent with myopia. Changes in 
membrane potential, gap junctional conductance, and hydrostatic 
pressure are present in all mutant lenses and precede cataract 
formation (at least in heterozygotes). Taken together, these data 
suggest that expression of Cx46fs380 causes a series of events 
affecting lens electrophysiological parameters, water flow, and optical 
properties prior to development of visible opacities.
Commercial Relationships: Eric C. Beyer, None; Junyuan Gao, 
None; Peter J. Minogue, None; Layne A. Novak, None; 
Rebecca K. Zoltoski, None; Richard T. Mathias, None; 
Viviana M. Berthoud, None
Support: NIH R01 EY08368
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AQUAPORIN ZERO (AQP0) MODULATES LENS GAP 
JUNCTION (GJ) CHANNEL FUNCTION IN THE PRESENCE 
OF BEADED FILAMENTS (BFs)
Kulandaiappan Varadaraj, Junyuan Gao, Xiurong Sun, 
Nicholas Browne, Richard T. Mathias, Sindhu S. Kumari. Physiology 
and Biophysics, State University of New York, Stony Brook, NY.
Purpose: Homeostasis of the avascular lens requires a 
microcirculation facilitated by AQPs, GJ channels and ion channels. 
We showed previously that AQP0 functions as a water channel and 

a cell-to-cell adhesion (CTCA) protein, both of which are important 
in maintaining lens transparency, refractive index gradient and 
biomechanics. A previous study found no significant alteration 
in GJs or hydrostatic pressure (HP) between the lenses of AQP0 
heterozygous knockout (AQP0-Htz) and wild type (WT) mice 
in FVB background that lacks BFs. In the current investigation, 
we examined GJ channel conductance resistance and HP in WT 
and AQP0-Htz lenses in C57BL/6J background that has BFs, and 
compared them with similar genotypes in FVB.
Methods: Genotyped (C57BL/6J WT and AQP0-Htz or FVB 
WT and AQP0-Htz) mice from same litters were used. Western 
blotting was performed to verify the expression of AQP0, BF and 
connexin proteins. Water permeability (Pf) was measured using fiber 
cell membrane vesicles. CTCA was assessed qualitatively. Lens 
transparency was evaluated and quantified. Microelectrode-based 
intact lens intracellular impedance was measured to determine GJ 
coupling resistance. A microelectrode/manometer system was used to 
determine intact lens intracellular HP.
Results: Western blotting of WT and AQP0-Htz membrane proteins 
from both backgrounds revealed about 50% reduction in AQP0 in the 
latter genotype with no observable change in connexin expression. 
AQP0-Htz lenses from both strains showed decreased Pf (~50%) and 
CTCA compared to WT. Opacity was more distinct in AQP0-Htz 
lenses in FVB than in C57BL/6J. In C57BL/6J AQP0-Htz lenses, but 
not in FVB AQP0-Htz, GJ coupling resistance decreased about 2.2-
fold and the HP gradient decreased about 1.9-fold compared to their 
respective WT.
Conclusions: The observed ~2-fold decrease in GJ coupling 
resistance in C57BL/6J background could be due to the interaction of 
AQP0 with BFs and potential regulation of GJ coupling conductance. 
The similar ~2-fold reduction in the pressure gradient suggests no 
significant change in fluid circulation. Though the circulation was 
not affected by AQP0-Htz knockout in either the FVB or C57BL/6J 
genotypes, the opacity in the FVB lenses was significantly more 
severe. This suggests that AQP0 modulates gap junction channel 
function in the presence of beaded filaments to maintain lens 
structural homeostasis and prevent cataract.
Commercial Relationships: Kulandaiappan Varadaraj, None; 
Junyuan Gao, None; Xiurong Sun, None; Nicholas Browne, None; 
Richard T. Mathias, None; Sindhu S. Kumari, None
Support: NIH Grant EY026155
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Metabolomics of wild-type and Gja3 connexin mutant lenses in 
mice
Xiaohua Gong, Audrey Kim, Lucy Li, Chun-hong Xia. Vision Sci 
School of Optometry, University of California, Berkeley, Berkeley, 
CA.
Purpose: To characterize the metabolic profiles of wild-type 
(WT) and Gja3 knockout (KO) mouse lenses in various genetic 
backgrounds including C57BL/6J and 129S4 (or 129SvJae). To test 
a hypothesis that gap junction channels selectively transport native 
metabolites to maintain lens homeostasis and that mice of different 
strain backgrounds display significant variation in lens homeostasis.
Methods: To characterize the metabolic profiles of lenses from 
postnatal day 21 (P21) WT and KO mice in different strain 
backgrounds by Mass-spec analysis. Profiles between KO and WT 
were analyzed by Random Forest (RF) analysis that attempted to bin 
individual samples in groups based on their metabolite similarities 
and differences.
Results: The present data set comprises a total of 435 compounds 
of known identity (named biochemicals). The most abundant and 
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important antioxidant is glutathione. Gja3 KO resulted in low lens 
glutathione levels. Reduced glutathione (GSH) was decreased in 
the KO lenses of all strains, compared to WT. Oxidized glutathione 
was relatively unchanged between KOs and WTs across all strains. 
Anaerobic glycolysis is reported to be the principle energy generation 
pathway utilized in the lens. Gja3 KO resulted in alterations of 
glycolysis pathway intermediates. Glucose levels either increased or 
decreased in KO lenses of various mouse strain backgrounds. Sugar 
alcohols, such as sorbitol levels represented by an isobar of mannitol 
and sorbitol, remained relatively constant despite varying glucose 
levels between KOs and WTs.
Conclusions: Comparison of metabolite profiles between Gja3 
KO and WT lenses revealed differences of a large number of 
metabolites. In addition, lens metabolite profiles varied between B6 
and 129 strains. Levels of antioxidants were clearly affected by Gja3 
knockout. Glutathione was reduced in KO lenses from all stains, but 
other antioxidants, such as taurine, showed obvious strain-dependent 
differences. Energy metabolism, represented by the glycolysis 
pathway intermediates, was clearly altered in KO lenses when 
compared to WT lenses, suggesting that glycolysis may be impaired 
in Gja3 KO lenses. Knockout of Gja3 resulted in altered metabolism 
in the mouse eye lens and metabolite differences may provide novel 
insights for examining the roles of Gja3 in lens homeostasis and 
cataract formation.
Commercial Relationships: Xiaohua Gong, None; Audrey Kim, 
None; Lucy Li, None; Chun-hong Xia, None
Support: Supported by National Institutes of Health Grant 
EY013849 (XG).
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Connexin Hemichannels Protect Lens Fiber Cells Against 
Oxidative Stress
Jean X. Jiang, wen shi, Manuel Riquelme, Sumin Gu. Biochemistry, 
Univ of Texas Hlth Sci Ctr, San Antonio, TX.
Purpose: Gap junctions formed by connexins play important roles 
in lens homeostasis and transparency. In addition to their roles in 
forming gap junctions, connexins form hemichannels. However, the 
biological importance of these lens connexin hemichannels in lens 
cells remains largely unknown.
Methods: Lens primary cell cultures were prepared using embryonic 
day-11 fertilized chicken eggs and were cultured up to 15 days with 
the gradual formation of lentoid body structures, an indicator of lens 
cell differentiation. High titer recombinant retroviruses containing 
vehicle, chick Cx50 or Cx46, were prepared and were used to infect 
chick embryonic fibroblast (CEF) cells and lens primary cell culture. 
Both CEF cells and primary lens cell culture were treated with 
H2O2 at 0.3-0.5 mM for 20 min to 2 hrs. Hemichannel activity was 
studied using dye uptake assay with ethidium bromide (EtBr) dye and 
quantified using NIH Image J software. Cell viability was assayed 
with annexin V and propidium iodide (PI) labeling, and numbers of 
the positive cells were quantified with fluorescence microcopy.
Results: Cx50 hemichannels were open in response to the treatment 
with H2O2. The dye uptake assay showed that chick embryonic 
fibroblast (CEF) cells or lentoids bodies in lens primary culture were 
highly sensitive to H2O2, and hemichannels activity was inhibited by 
a connexin channel blocker carbenoxolone. Interestingly, this activity 
was significantly inhibited by two dominant negative mutants of 
Cx50; Cx50P88S which inhibits both gap junctions and hemichannels 
and Cx50H156N which only inhibits hemichannels, but not gap 
junctions. H2O2 treatment also opened hemichannels in cultured lens 
epithelial cells and this opening was inhibited by Cx43 blocking 
antibody, but not by Cx50 dominant negative mutants, suggesting 

that epithelial hemichannels are likely formed by Cx43, not Cx50. 
The treatment of H2O2 increased the numbers of cells under apoptosis 
and this increase was augmented in cells expressing those two 
dominant negative mutants that disrupted Cx50 hemichannels, while 
Cx50E48K that only impaired gap junctions did not have such effect.
Conclusions: These results showed that oxidative stress activates 
connexin hemichannels in the lens cells and functional connexin 
hemichannels, not gap junctions are likely to play a cell protective 
role against oxidative damage in lens.
Commercial Relationships: Jean X. Jiang, None; wen shi, None; 
Manuel Riquelme, None; Sumin Gu, None
Support: NIH Grant EY012085
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Calcium-activated chloride currents in peripheral mouse fiber 
cells
Lisa Ebihara, Jun-Jie Tong. Physiology, Rosalind Franklin University 
of Medicine, North Chicago, IL.
Purpose: Chloride channels play a critical role in regulating lens 
volume and maintaining optical transparency. Unfortunately, little 
information is available about how these channels operate in lens 
fiber cells. Recently, our laboratory developed a new technique for 
isolating mouse fiber cells utilizing transgenic mouse lenses. The 
purpose of this study was to characterize the biophysical properties of 
chloride conductances in mouse fiber cells using this new technique.
Methods: Differentiating fiber cells were isolated from the lenses 
of double knockout mice that lack both Cx50 and Cx46 using 
collagenase. Membrane currents were recorded in fiber cells using 
the whole cell patch clamp technique. RT-PCR was used to determine 
whether TMEM16A or B were expressed in the lens. The distribution 
of TMEM16A in the lens was analyzed by immunofluorescence 
microscopy.
Results: We studied fiber cells from double knockout lenses 
ranging between 50 and 600 microns in length using the whole cell 
patch clamp technique. These experiments indicated that sodium 
conductances were absent or small in fiber cells lacking connexins. 
Rather, our work suggested that the membrane conductance was 
dominated by potassium conductances. In addition, there was 
a voltage-dependent chloride current that could be activated by 
raising the free intracellular calcium to concentrations greater than 
50-100 nM. The main biophysical characteristics of this current 
were: (1) It slowly activated on depolarization and deactivated upon 
repolarization; (2) It showed steady state outward rectification at 
low and intermediate calcium concentrations, but exhibited a linear 
I-V relationship at high calcium concentrations; (3) It’s permeability 
sequence for anions was Cl >> Glu; (4) It was blocked by standard 
calcium-activated chloride channel blockers such as niflumic acid 
and tannic acid. These properties resembled those of the TMEM16A 
and B calcium-activated chloride currents. RT-PCR demonstrated 
the presence of TMEM16A and possibly TMEM16B transcripts in 
wild-type mouse lenses. Immunohistochemical staining revealed the 
presence of TMEM16A protein in peripheral fiber cells.
Conclusions: Our results strongly suggest that peripheral mouse fiber 
cells functionally express calcium-activated chloride channels which 
can be at least in part attributed to TMEM16A.
Commercial Relationships: Lisa Ebihara, None; Jun-Jie Tong, 
None
Support: NIH Grant RO1EY026902
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ACCOMMODATION & PRESBYOPIA: MOVEMENTS OF 
THE ACCOMMODATIVE APPARATUS IN THE PRESENCE 
OF THE IRIS AND LENS
Mary Ann Croft1, T Michael Nork1, Jared P. McDonald1, 
Gregg A. Heatley1, Elke Luetjen-Drecoll2, Paul L. Kaufman1, 3. 
1Ophthalmology, Univ of Wisconsin-Madison, Madison, WI; 
2Anatomy, University of Erlangen e Nürnberg, Erlangen/Nürnberg, 
Germany; 3Wisconsin National Primate Research Center, University 
of Wisconsin, Madison, WI.
Purpose: To elucidate the accommodative movements of the iris and 
its effect on accommodative aqueous fluid redistribution and other 
relevant components of the accommodative apparatus.
Methods: A stimulating electrode was inserted in the E-W nucleus of 
four iridic rhesus monkeys (ages 6-23 yrs) to induce accommodation. 
Maximum accommodative responses were elicited and the eye 
imaged using ultrasound biomicroscopy (UBM; 50 MHz, 35 MHz) 
and endoscopy in the region of iris, lens, ciliary muscle, zonular 
attachments and vitreous during the accommodative response. 
Various contrast agents (i.e., triamcinolone) were used to enhance 
visualization of the intraocular structures and fluid movements.
Results: During stimulation of the E-W nucleus the eyes converged, 
the pupil constricted by 0.90 ± 0.03 mm and there was 11.8 ± 1.6 
(n=4) diopters of accommodation (the accommodative triad).
During maximum accommodation the iris bowed backward in the 
region of the circumlental space by 0.05 ± 0.01 mm and 0.12 ± 0.02 
mm in the young and older eye respectively (p<0.05), suggesting 
accommodative fluid displacement toward the vitreous compartment 
and anterior hyaloid. The iris in the region of the pupil moved 
forward with the anterior movement of the lens surface. The anterior 
chamber shallowed by 0.31 ± 0.01 mm and 0.09 ± 0.01 in the young 
and older eye, respectively. The lens thickened by 0.61 ± 0.01 mm 
and 0.25 ± 0.01mm in the young and older eye, respectively. During 
accommodation the posterior pole of the lens moved posteriorly 
by 0.30 ± 0.02 mm and 0.10 ± 0.3 mm in the young and older eye, 
respectively. Similar accommodative movements were seen in the 
aniridic eye.
Conclusions: The absence of the iris does not change the 
normal accommodative fluid movements or the movements of 
the accommodative apparatus itself compared to the iridic eye. 
The fluid redistribution likely facilitates the accommodative lens 
reshaping and elimination of waste through the TM. Factors that 
drive the accommodative fluid redistribution will be discussed (i.e. 
accommodative vitreous structural/fluid movements, lens reshaping). 
The age-related increased backward bowing of the iris may result in 
chafing of the peripheral iris by the lens; a possible connection with 
pigmentary glaucoma will be discussed.
Commercial Relationships: Mary Ann Croft, Bridge Labs (R), 
Z-Lens LLC (F), Vista Ocular (F), Rengen Eye LLC (F), Aleyegn 
Inc. (C); T Michael Nork, None; Jared P. McDonald, Z-Lens (F), 
Rengen Eye LLC (F); Gregg A. Heatley, None;  
Elke Luetjen-Drecoll, None; Paul L. Kaufman, Z-Lens LLC (F), 
Vista Ocular (F), Aleyegyn Inc. (C)

Support: NEI (RO1 EY10213, R21 EY018370 & NIH Grant 
EY025359 to PLK, Core Grant for Vision Research Grant # P30 
EY016665), RPB, NIH Grant # 5P51 RR 000167 to WNPRC, 
OPREF.
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F-actin stabilizing proteins, tropomodulin 1 and γ-tropomyosin, 
play diverse roles in maintaining lens cell morphology, 
biomechanical integrity and transparency
Catherine Cheng, Roberta B. Nowak, Velia M. Fowler. Cell and 
Molecular Biology, The Scripps Research Institute, La Jolla, CA.
Purpose: Lens fiber cells assemble diverse F-actin networks at 
their plasma membranes, including a spectrin-actin network. The 
spectrin-actin network contains two F-actin-stabilizing proteins, 
tropomodulin1 (Tmod1), which caps filament ends, and γ-
tropomyosin (γTM), which binds along filament sides, preventing 
disassembly. To elucidate the role of the F-actin cytoskeleton 
at the cellular (cell packing and morphology) and tissue levels 
(transparency, refraction and biomechanics) in the lens, we compared 
the phenotypes of lenses with loss of Tmod1 or γTM to reveal 
common or divergent roles for these actin-binding proteins in the 
lens.
Methods: We used biochemistry, immunohistochemistry, whole lens 
microscopy and tissue mechanical testing, to study mouse lenses with 
genetic disruption of Tmod1 or γTM.
Results: Genetic deletion of Tmod1 leads to reduced γTM protein 
levels and disruption of the spectrin-actin membrane skeleton with 
abnormal fiber cell membrane interdigitations. Tmod1 knockout 
lenses are transparent, but display reduced lens stiffness at low 
mechanical loads. Unexpectedly, genetic depletion of γTM does not 
phenocopy loss of Tmod1. Instead, γTM mutant lenses have subtle 
and progressive anterior cataracts with reduced lens stiffness under 
compression at high loads and impaired recovery of lens shape after 
release of external load (resilience). Western blots reveal a small loss 
of Tmod1 in γTM mutant lenses. While fiber cell packing in the lens 
cortex appears normal in mutant γTM lenses, mature fiber cells have 
aberrant F-actin and increased cytoplasmic Tmod1 staining.
Conclusions: In summary, disruption of Tmod1 leads to decreased 
lens stiffness at low loads and attenuated fiber cell membrane 
interdigitations, while loss of γTM causes anterior cataracts, and 
lens stiffness changes at high loads with abnormal resilience. The 
disparate phenotypes of these mutant lenses imply that diverse 
F-actin networks are required for cellular level coordination, 
including normal fiber cell packing and morphology, as well as tissue 
level properties, including transparency, stiffness and resilience.
Commercial Relationships: Catherine Cheng, None; 
Roberta B. Nowak, None; Velia M. Fowler, None
Support: R01 EY017724 (to VMF) from the National Eye Institute


