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PURPOSE. Chloride channels have been proposed to play an important role in the regulation of
lens volume. Unfortunately, little information is available about the molecular identity of these
channels or how they are regulated in the lens due to the difficulties in isolating mouse fiber
cells. Recently, our laboratory has developed a new technique for isolating these cells by
using transgenic mouse lenses that lack both Cx50 and Cx46. The purpose of this study was
to test the hypothesis that newly differentiating mouse fiber cells express calcium-activated
chloride channels (CaCCs) by using this technique.

METHODS. Differentiating fiber cells were isolated from lenses of double knockout mice that
lack both Cx50 and Cx46 by using collagenase. Membrane currents were studied using the
whole-cell patch clamp technique. The molecular identity and distribution of CaCCs were
investigated using RT-PCR and immunofluorescence.

RESULTS. Our electrophysiologic experiments suggest that peripheral fiber cells express a
calcium-activated chloride current. The voltage gating properties, calcium sensitivity, and
pharmacologic properties of this current resembled those of TMEM16 CaCCs. RT-PCR analysis
demonstrated the presence of TMEM16A and TMEM16B transcripts in wild-type and double
knockout mouse lenses. Both TMEM16A and TMEM16B proteins were detected in the
differentiating epithelial cells and newly elongating fiber cells near the equator of the lens by
immunohistochemistry.

CONCLUSIONS. Our results demonstrate that membrane conductance of peripheral fiber cells
contain CaCCs that can be attributed to TMEM16A and TMEM16B. Given their critical role in
volume regulation in other tissues, we speculate that these channels play a similar role in the
lens.
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The human lens is responsible for the fine focusing of both
close and distant objects on the retina. To accomplish this

task, the lens must be transparent and have a high index of
refraction. It also has to be able to change its shape rapidly.
During the process of aging, the lens gradually becomes stiffer
and less transparent, leading to the development of presbyopia
and cataracts, respectively.

There are no blood vessels in the lens. Thus, to maintain
metabolic homeostasis and optical clarity, the lens must depend
on a unique internal circulation system that consists of fluid
fluxes flowing into the lens at the anterior and posterior poles
and out of the lens at the equator. These fluid fluxes enable the
transport of nutrients to the core of the lens and the removal of
metabolic byproducts while maintaining lens steady-state
volume and refractive properties. According to the fluid
circulation system model proposed by Mathias (reviewed in
Ref. 1), this internal circulatory system consists of continuously
circulating ionic fluxes carried primarily by sodium that flow
into the lens along the narrow extracellular spaces between the
fiber cells. As sodium moves toward the center of the lens, it is
continuously entering the fiber cells through sodium leak
channels. Once inside the fiber cell, sodium flows from cell to

cell via gap junctions moving toward the surface of the lens.
The surface epithelial cells contain large numbers of Naþ-Kþ

ATPases that then pump sodium out of the lens. It is
hypothesized that the sodium flux is accompanied by the flow
of water, which is driven through gap junctions by hydrostatic
pressure from the center of the lens to the surface, where it
flows out of the lens through aquaporins.2

Another element of this circulatory system involves chloride
channels.3 It has been shown that exposure of the lens to the
chloride channel blocker NPPB under isotonic conditions
results in an increase in lens volume and light scattering,
suggesting that, under normal conditions, the lens fiber cells
have a constitutively active chloride flux that plays an essential
role in the regulation of lens volume and the maintenance of
transparency.4 The direction of this chloride flux is thought to
be outward in the peripheral-most fiber cells and inward in the
deeper layers of fiber cells, due to radial changes in the
membrane potential of fiber cells relative to the extracellular
space.1

Unfortunately, little information is available about the
molecular identity of these chloride channels or how they are
regulated in the lens. This is, in part, due to difficulties in
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dissociating lens fiber cells for patch clamp recording. We have
recently developed a new technique that makes electrophys-
iologic and imaging studies of these channels in dissociated
lens fiber cells feasible.5,6 This technique uses double
knockout (KO) mice that lack both Cx50 and Cx46. The
isolation of fiber cells from the lenses of these knockout mice
can be accomplished using much milder dissociation condi-
tions than those required in past attempts to study fiber cell
activity, possibly due to alterations in cell adhesion proper-
ties.7,8 Another advantage is that the double KO fiber cells can
tolerate exposure to calcium-containing solutions.

Motivated by this discovery, we set out to test the
hypothesis that mouse fiber cells functionally express calci-
um-activated chloride channels (CaCCs) that potentially play a
role in volume regulation in the lens. Our results show that
freshly dissociated peripheral fiber cells from double KO lenses
express classical CaCCs whose electrophysiologic properties
are generally consistent with those of TMEM16A (Anoctamin-
1). In addition, we have characterized the expression of
TMEM16A and TMEM16B transcripts and protein in the mouse
lens by using RT-PCR and immunohistochemic techniques.

METHODS

Chemicals

2-(4-chloro-2-methylphenoxy)-N-[(2-methoxyphenyl)methylide-
neamino]-acetamide (Ani9) was obtained from Tocris Biosci-
ence (Bristol, UK). All other chemicals were purchased from
Sigma-Aldrich Chemicals Company (St. Louis, MO, USA) or
ThermoFisher Scientific unless otherwise specified.

For tissue harvesting, mice were euthanized and eyes were
extracted using procedures approved by the Rosalind Franklin
University Animal Care and Use Committee and in accordance
with the ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research.

Mice

Transgenic Cx46(�/�) Cx50(�/�) double KO mice were
generated as previously described.5 Both wild-type and
transgenic mice were in a C57 genetic background.

Dissociation of Differentiating Lens Fiber Cells

Fiber cells were dissociated from double KO mouse lenses as
previously described.6 Briefly, the capsule was removed from
double KO mouse lenses and incubated in dissociation buffer
(DB) containing 0.0625% collagenase (type IV; Worthington
Biochemical, Lakewood, NJ, USA) and 0.025% protease (type
XXIV; Sigma-Aldrich) at room temperature for 15 minutes. The
capsule was washed once with DB and resuspended in DB. The
epithelial and young fiber cells were then mechanically
removed from the capsule by gentle trituration with a Pasteur
pipette, pelleted (1,000 rpm for 2 minutes), and resuspended
in DB. The isolated cells were used immediately for patch
clamp experiments.

Patch Clamp Experiments

Membrane currents were recorded from isolated fiber cells by
using the whole-cell patch clamp technique. A 60-mm tissue
culture dish was used as the recording chamber. An Axoclamp
200B patch clamp amplifier (Molecular Devices, Sunnyvale,
CA, USA) or MultiClamp 700A patch clamp amplifier (Molec-
ular Devices) was used to control membrane potential and
measure membrane current. The resistance of the patch
pipettes was 2.5 to 4 MX when filled with standard internal

solution. The composition of CsCl internal solutions used in
most of the experiments is shown in Table 1. The final, free
calcium concentration of the internal solution was calculated
using EQCAL for Windows software (Biosoft, Cambridge, UK).
The standard extracellular solution contained (in mM) 140
NaCl, 10 CsCl, 4.7 KCl, 1 MgCl2, 1 CaCl2, 5 glucose, and 5
HEPES, with pH adjusted to 7.4 with NaOH. Sodium gluconate
external solution was prepared by substituting 140 mM sodium
gluconate for equimolar NaCl in the bath solution. The N-
methyl-D-glucamine chloride (NMDG-Cl) external solution
contained (in mM) 150 NMDG-Cl, 4.7 KCl, 1 MgCl2, and 1
CaCl2. The patch pipette was positioned on the cell with a
PatchStar micromanipulator (Scientifica, East Sussex, UK).
Pulse generation and data acquisition were performed using
a personal computer equipped with commercial software
(PCLAMP 10; Molecular Devices) and a high-resolution, low-
noise digitizer (Digidata 1440A or 1550B; Molecular Devices).
The cell was focally perfused with drugs by using a gravity
driven, millimanifold applicator (ALA Scientific, Farmingdale,
NY, USA) whose tip was brought near and pointed at the cell of
study using a manipulator. Solutions flowing over the cell
could be changed within a few seconds by using this system.
The bath was grounded via a 1-mm-diameter Ag/AgCl wire
electrode mounted in a pipette tip filled with 3M KCl agar.
Images of fiber cells were acquired via a cooled CCD camera
(Coolsnap ES2, Photometrics; Roper Scientific, Tucson, AZ,
USA) driven by an imaging program (Nikon Elements AR 4.60;
Nikon Instruments, Melville, NY, USA). All the experiments
were conducted at room temperature (21–248C).

For the ion selectivity experiments, the membrane poten-
tials were corrected for liquid-junction potentials after the
experiment using the ‘‘junction potential calculator’’ interface
(Clampex version 10; Molecular Devices).

Data were analyzed using three different programs
(PCLAMP 10 [Molecular Devices], SigmaPlot 11 [Systat
Software, Chicago, IL, USA], and Origin 2017 [OriginLab,
Northhampton, MA, USA]). Data points were reported as mean
6 SEM unless otherwise indicated.

Immunohistochemistry

Eyeballs from 10- to 14 day-old wild-type mice were fixed with
4% paraformaldehyde in PBS (pH 7.4) at 48C for 18 to 24 hours.
Eyeballs were washed 3 times for 10 minutes with 13 PBS and
incubated in 30% sucrose for 48 hours at 48C. For sectioning,
whole eyeballs were mounted in either an axial or equatorial
orientation in a cryomold encased in optimum cutting
temperature compound, and frozen on dry ice. Twenty-
micrometer-thick sections were cut (Microm GmbH 69190,
Walldorf, Germany) at �188C by using disposable blades
(Thermo Fisher Scientific) and transferred to Tissue Path
Superfrost Plus Gold slides.

For immunostaining of TMEM16A and TMEM16B, antigen
retrieval was performed by treatment of paraformaldehyde-
fixed sections with 1% SDS in PBS at room temperature for 5

TABLE 1. Composition of CsCl Internal Solution

Compound

[Ca2þ]I (nM)

0 0.2 0.6

CsCl, mM 140 124 121.6

CaCl2, mM 0 8.0 9.2

HEPES, mM 10 10 10

EGTA-Cs, mM 10 10 10

MgATP, mM 1 1 1

pH 7.4 7.4 7.4
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minutes, followed by 3 washes with 13 PBS. The sections were
then processed for immunofluorescence using the Alexa Fluor
488 Tyramide SuperBoost Kit (ThermoFisher Scientific), as per
the manufacturer’s recommendations. The following primary
antibodies and dilutions were used: rabbit polyclonal anti-
TMEM16A (ab72984, dilution 1:100; Abcam, Cambridge, UK),
rabbit polyclonal anti-TMEM16A (ab53212, dilution 1:100;
Abcam), rabbit polyclonal anti-TMEM16A (PA5-77373, dilution
1:100; ThermoFisher Scientific), rabbit polyclonal anti-
TMEM16B (PA5-77374, dilution 1:100; ThermoFisher Scientif-
ic). Rabbit isotype IgG (ThermoFisher Scientific) was used for
negative control at a dilution of 1:100. Texas Red-conjugated
wheat germ agglutinin (1:100 dilution; ThermoFisher Scientif-
ic) was used for labeling of cell membranes. 40,6-diamidino-2-
phenylindole (ThermoFisher Scientific) was used for fluores-
cent labeling of cell nuclei.

Confocal images were obtained using a laser scanning
confocal fluorescent microscope (Fv10i Olympus, Waltham,
MA, USA). Images were collected by sequential scanning using
single laser-line excitation to eliminate bleeding from one
channel into the other. Images were analyzed using Olympus
software. Composite figures were assembled using Adobe
Photoshop CS6 (Adobe Systems Inc., San Jose, CA, USA).

RNA Isolation and RT-PCR

Total lens RNA was isolated from four C57BL/6 mice and seven
double KO mice by using the PureLink RNA Mini Kit
(Invitrogen, Carlsbad, CA, USA). The extracted RNA was eluted
in RNase-free water and incubated with TURBO DNase
(Ambion, Austin, TX, USA) for 30 minutes followed by
precipitation with lithium chloride to remove genomic DNA
contamination. Complementary DNA synthesis reactions were
performed with total RNA (1 lg) by using the LunaScrip RT
SuperMix Kit (New England Biolabs, Ipswich, MA, USA),
according to the manufacturer’s instruction. The expression of
TMEM16A, TMEM16B, and b-actin was determined using PCR.
The cDNA samples were amplified using the GoTaqColorless
PCR Master Mix Kit (Promega, Madison, WI, USA) on the
Applied Biosystems 2720 Thermal Cycler (Forster City, CA, USA)
with the strategy previously described by Kamikawa et al.9

Briefly, cDNA (20 ng) and gene-specific primers pairs (Table 2)
were added to a GoTaqColorless PCR Master Mix Kit and
subjected to PCR amplification (1 cycle at 958C for 2 minutes
and 40 cycles at 958C for 40 seconds, 558C for 45 seconds, and
738C 1 minute), followed by a dissociation stage (1 cycle at 738C
for 5 minutes). All PCR reactions were run in triplicates.

RESULTS

Calcium-Activated Chloride Currents in
Differentiating Epithelial and Fiber Cells Isolated
from Mouse Lenses

Calcium-activated currents were studied in freshly isolated
differentiating epithelial cells and fiber cells from double KO

mouse lenses by using the whole-cell patch clamp technique.
The cells had membrane capacitances ranging between 17.7
and 105.5 pF, corresponding to cell lengths between 22.8 and
389 lm, respectively. All of the cells had nuclei indicating that
they were from the outer cortex. To block endogenous
potassium currents, we substituted cesium for potassium in
the internal solution and added 10 mM CsCl to the bath solution.

In cells dialyzed with internal solutions containing ‡200 nM
[Caþ2]i, we observed the development of an outwardly
rectifying current and associated inward tail current in
response to voltage clamp ramps from �80 to 80 mV from a
holding potential of �60 mV, as illustrated in Figure 1. This
current gradually increased in size, typically stabilizing 6 to 20
minutes following cell break-in. This result was observed in
most of the differentiating epithelial and fiber cells that we
tested, although the amplitude of the current was variable and
did not show a clear correlation to cell length/capacitance. In
contrast, cells dialyzed with calcium-free internal solution
displayed very small outward currents that did not increase
over time. These findings indicate that the outwardly rectifying
currents require calcium for activation.

Ion substitution experiments were performed to character-
ize the selectivity of the calcium-activated current for cations
and anions. The reversal potential of the calcium-activated
current was determined using the ramp protocol as the
potential at which ramp-evoked currents intersected, as
illustrated in Figure 2. When the fiber cells were bathed in
standard external solution and the internal solution contained
CsCl, the reversal potential of the calcium-activated current
occurred at �3.17 6 0.36 mV (n ¼ 14), indicating that the
calcium-activated current was either a nonspecific cation
current or an anion current. To distinguish between these
two possibilities, we replaced Na and Cs with NMDG in the
bath solution and found that this had little or no effect on the
reversal potential (n¼ 7). In contrast, substitution of 140 mM
of the extracellular chloride with gluconate caused a positive
shift in the reversal potential to 51.6 6 3.31 mV (n¼ 4), which
is close to the reversal potential for a perfectly selective
chloride channel. These results indicate that the calcium-
activated current is carried primarily by anions and has the
permeability sequence: Cl� >> gluconate.

Figure 3A shows families of current traces recorded in
response to depolarizing voltage clamp steps between�60 and
80 mV from a holding potential of�60 mV. In the presence of
calcium-free internal solution, only very small currents were
observed. At 200 nM [Ca2þ]i, depolarizing voltage clamp steps
evoked a slowly activating current that reversed polarity from
inward to outward at ~0 mV. On repolarization to �60 mV, a
large inward tail current was observed that slowly deactivated
over time. The current-voltage (I-V) relationship measured at
the end of the voltage clamp steps exhibited a significant
degree of outward rectification (Fig. 3B). Further increases in
[Ca2þ]i produced larger currents with less pronounced
outward rectification. To quantify the degree of outward
rectification, we determined the rectification index, calculated
as the ratio of current measured in response to a 1 s voltage

TABLE 2. Primer Pairs for CaCC mRNA

Target (Gene Name) Accession No. (Amplified Region) Primer Pair Product Size, bp

TMEM16A (Ano1) NM_178642.5 (471–829) 50-accatcacaagagagcctcag-30 359

50-cgtctcactgatgtggtaca-30

TMEM16B (Ano2) NM_153589.2 (633–881) 50-gaggcgcacacctgggtcac-30 249

50-atggggcgtggatccggaca-30

b-Actin (Actb) NM_007393.3 (28–246) 50-cagcttctttgcagctcctt-30 219

50-tcacccacataggagtcctt-30
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FIGURE 2. Ionic selectivity of the calcium-activated current in fiber cells. (A) Whole-cell currents measured in response to 2 s voltage clamp ramps
from �80 to 80 mV from a holding potential of �60 mV. The pipette solution contained 600 nM [Ca2þ]i. The bath solution contained NaCl (A),
NMDG-Cl (B), or sodium gluconate (C) external solution. Ramp currents were recorded once every 55 s following patch rupture. The voltage at
which the ramp currents intersected was taken to be the reversal potential of the calcium-activated current. (D) Graph summarizing the reversal
potentials measured in the presence of the indicated bath solutions. Data are means 6 SEM.

FIGURE 1. Mouse fiber cells express calcium-activated currents. (A) Image of a long fiber cell ~266 lm in length used in the patch clamp
experiments before (upper panel) and 30 minutes after establishing a whole-cell patch (lower panel). Scale bar: 50 lm. (B) Experiment showing
the time course of development of calcium-activated currents in a fiber cell during whole-cell dialysis. Whole-cell currents were measured in
response to 2 s voltage clamp ramps from�80 to 80 mV from a holding potential of�60 mV. Bath solution contained (in mM) 140 NaCl, 10 CsCl, 4.7
KCl, 2 MgCl2, 5 glucose, 5 HEPES (pH 7.4); patch pipette contained CsCl internal solution to which different calcium concentrations were added to
give a final free calcium concentration of nominally zero and 600 nM. Ramp currents labeled a to f were recorded 110, 386, 441, 496, 607, and 662 s
following patch rupture, respectively. Calcium concentration in the pipette is as indicated. Dashed line represents zero current. Arrow indicates the
reversal potential of the calcium-sensitive current. (C) Plot of the time course of current activation at 80 mV as a function of time following patch
rupture in the presence of 600 nM [Ca2þ]i (closed squares, n ¼ 6) or nominally zero [Ca2þ]i (open circles, n¼ 5). Data are means 6 SEM.
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clamp step to þ60 mV to the holding current at �60 mV (Fig.
3C). The rectification index was 3.98 6 0.45 (n¼ 4) at 200 nM
[Ca2þ]I but only 2.4 6 0.32 (n ¼ 3) (P < 0.05) at 600 nM
[Ca2þ]i.

The calcium-activated chloride currents observed in re-
sponse to depolarizing voltage clamp steps had 2 components:
an instantaneous, time-independent component that repre-
sented channels that were open at the holding potential of�60
mV, followed by a time-dependent component that was due to
channels that were activated by the voltage step. The time-
dependent component could be described by a monoexpo-
nential function with a time constant of activation, sact. At 70
mV in the presence of 200 nM [Ca2þ]i, sact was 266.63 6 14.95
ms (n¼ 3), while at 600 nM [Ca2þ]i, sact decreased to 104.46 6
21.05 ms (n¼ 3). The time course of the tail currents observed
following repolarization to�60 mV after a depolarizing voltage
clamp step to 60 mV could also be described by a
monoexponential function. The time constant of deactivation
sdeact was 123.10 6 10.97 ms (n ¼ 3) at 200 nM [Ca2þ]i and
100.95 6 6.04 (n ¼ 3) at 600 nM [Ca2þ]i.

Pharmacological Properties of CaCCs in Fiber Cells

We investigated the effect of two second-generation com-
pounds that have been reported to be potent blockers of
TMEM16 CaCCs: CaCCinh-A0110 and Ani9.11 Figure 4A shows

the effect of 50 lM CaCCinh-A01 on calcium-activated chloride
currents in a fiber cell. CaCCinh-A01 strongly inhibited the
calcium-activated chloride current at both positive and
negative potentials. This inhibition was partially reversed
following washout of blocker.

One problem with CaCCinh-A01 is that it cannot discrim-
inate between TMEM16A and TMEM16B.11,12 Therefore, we
tested another novel CaCC inhibitor, Ani9, which has been
reported to be a highly potent and selective blocker of
TMEM16A with negligible effect on TMEM16B.11 We observed
that application of 5 lM Ani9 caused a reversible block of the
calcium-activated chloride current that was similar to the effect
of CaCCinh-A01, indicating that TMEM16A contributes to
CaCCs in lens fiber cells (Fig. 4B). Figure 4C summarizes the
percentage of current that was inhibited relative to the control
current at �70 mV and þ70 mV for CaCCinh-A01 and Ani9.

Expression of TMEM16A and TMEM16B in the

Postnatal Mouse Lenses

The voltage gating properties, selectivity, and pharmacology of
the calcium-activated current expressed in the differentiating,
peripheral fiber cells closely resembled those of the classical
calcium-activated chloride currents attributed to TMEM16A
and TMEM16B.13 Therefore, we used RT-PCR to assess the

FIGURE 3. Effect of internal calcium on the calcium-activated current. (A) Families of whole-cell currents recorded from lens fiber cells in the
presence of the indicated [Ca2þ]i. The voltage clamp protocol consisted of sequential steps from a holding potential of�60 mV to 80 mV in 10-mV
increments. Dashed line represents zero current. (B) I-V relationship (measured at the end of the pulse) in the presence of nominally zero [Ca2þ]i

(closed triangles, n ¼ 6), 200 nM [Ca2þ]i (open circles, n ¼ 4), or 600 nM [Ca2þ]I (closed squares, n ¼ 3). (C) Bar graph showing the mean
rectification index determined as the ratio between the quasi steady-state current recorded in response to voltage clamp steps toþ60 mV and the
holding current at �60 mV. Data are means 6 SEM.
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expression of TMEM16A/B in mouse lenses. These studies
demonstrate the presence of both TMEM16A and TMEM16B in
wild-type and double KO mouse lenses (Fig. 5).

The distribution of TMEM16A/B proteins was mapped by
immunohistochemistry. In axial sections of 10- to 14-day-old
postnatal wild-type mouse lenses, TMEM16A expression was
detected primarily in the epithelial cells and superficial,
differentiating fiber cells near the equator of the lens (Figs.
6A–C). The most intense staining occurred in the newly
elongating fiber cells whose apical ends form the modiolus.14

Higher magnification images showed that the pattern of
TMEM16A immunostaining appears to be both membranous
and cytoplasmic in the newly elongating fiber cells, as shown
in Figures 6D–F. In the adjacent epithelial cells and deeper

layers of differentiating fiber cells, the staining pattern was
mostly cytoplasmic. The localization of TMEM16A staining to
the plasma membranes of the newly elongating fiber cells
could be more clearly seen in equatorial sections through the
modiolus (Figs. 6G–I). A similar pattern of TMEM16A staining
was obtained using two other anti-TMEM16A polyclonal
antibodies (data not shown).

TMEM16B was also expressed primarily in the differentiat-
ing epithelial cells and newly elongating fiber cells near the
equator of the lens (Figs. 7A–C). However, there were
differences in the pattern of subcellular localization. Unlike
TMEM16A, TMEM16B staining was principally membrane
associated, except for a region of strong cytoplasmic labeling
in the basal regions of the differentiating epithelium and newly
elongating fibers at the periphery of the lens (Figs. 7D–F).

DISCUSSION

In the present study, we demonstrate, for the first time, the
functional expression of CaCCs in freshly isolated differentiat-
ing mouse lens fiber cells. These CaCCs generate currents with
slow kinetics of activation and deactivation at [Ca2þ]I of ‡200
nM that are more similar to those of TMEM16A than TMEM16B
expressed in heterologous expression systems. This result
suggests that they are at least partially composed of TME-
M16A.15–18 Furthermore, pharmacologic studies using the
highly potent and selective TMEM16A inhibitor Ani911 showed
that application of 5 lM Ani9 strongly blocked CaCCs in lens

FIGURE 4. Effect of calcium-activated chloride channel blockers on the calcium-activated current. (A) Whole-cell currents measured in response to
2 s voltage clamp ramps from�80 to 80 mV from a holding potential of�60 mV. The pipette solution contained 600 nM [Ca2þ]i. Ramp currents were
measured first under control conditions (black line), then in the presence of 50 lM CACCinh-A01 (red line), and finally following washout of
CACCinh-A01 (blue line). (B) Effect of Ani9 on the calcium-activated current in fiber cells. Whole-cell currents measured in response to 2 s voltage
clamp ramps from�80 to 80 mV from a holding potential of�60 mV. The pipette solution contained 600 nM [Ca2þ]i. Ramp currents were measured
first under control conditions (black line), then in 5 lM Ani9 (red line), and finally following washout of Ani9 (blue line). (C) Percent of the current
inhibited after treatment with 50 lM CaCCinh-A01 or 5 lM Ani9 atþ70 and�70 mV. Data represent means 6 SEM (n¼ 4).

FIGURE 5. Reverse transcriptase-polymerase chain reaction (RT-PCR)
analysis of TMEM16A and TMEM16B in wild-type and KO mouse lenses.
b-actin was used as a control for cDNA integrity.
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fiber cells, supporting our contention that TMEM16A channels
contribute to CaCCs in lens fiber cells. It should be noted that
interpretation of the electrophysiologic data is complicated by
the existence of multiple splice variants of TMEM16A and
TMEM16B that show differences in electrophysiologic proper-
ties. For example, the ac splice variant of human TMEM16A
that skips segment b10 has been reported previously to confer
high calcium sensitivity on human and mouse TMEM16A in
heterologous expression systems.15,19 Furthermore, it has been
reported that TMEM16A and TMEM16B can form heteromeric
channels that have novel functional properties in both native
tissues and heterologous expression systems.20

Using RT-PCR, we demonstrated that TMEM16A and
TMEM16B transcripts are present in the postnatal mouse lens.
Immunohistochemic mapping studies showed that TMEM16A
and TMEM16B had a similar spatial distribution in the lens.
Both proteins were present at highest levels in the differen-
tiating epithelial cells and newly elongating fiber cells near the
equator. As the fiber cells became more internalized within the
lens, the signal intensity for these proteins decreased. The
distribution of TMEM16A protein reported here is consistent
with the findings of a lone previous in situ hybridization study
that reported TMEM16A transcripts at high levels in the lens
epithelium of the embryonic day 18.5 mouse eye.21 Interest-
ingly, a large fraction of the TMEM16A channels were present
as a cytoplasmic pool within the newly elongating fiber cells. It
is conceivable that these channels would be dynamically
redistributed to the plasma membrane in response to mechanic

stress or changes in lens volume, as has been previously
reported to occur for P2X receptors in the lens.22 Taken
together, our electrophysiologic and cell biologic studies
suggest that native lens Ca2þ-activated Cl� channels are made
up of homomeric and/or heteromeric channels composed of
TMEM16A and TMEM16B.

Physiologic Role of CaCCs in the Lens

The localization of TMEM16A/B CaCCs to the membranes of
the newly elongating fiber cells near the surface of the lens
makes them an ideal gate keeper for controlling water flow
through the lens. One possible mechanism for water transfer
involves the movement of chloride ions. The basic idea is that
chloride ions from the aqueous humor surrounding the lens
flow into the lens through extracellular spaces, enter the fiber
cells via chloride transporters/channels, move between fiber
cells via gap junctions, and then exit the lens fiber cells via
peripheral CaCCs. This flow mechanism would add to flows
related to sodium ions, as proposed in previous models.1

The existence of this flow mechanism is supported by
experimentally observed changes in intracellular voltage from
approximately �40 mV at the center of the lens to �60 mV at
the surface of the lens.23 Based on the generally assumed
equilibrium potential of�50 mV for chloride in lens fiber cells,
this would produce chloride influx near the center of the lens
and chloride efflux at the periphery. In this scenario, changes
in the opening probability of CaCCs in surface cells would be
predicted to moderate this flow of chloride ions and
accompanying water molecules through the lens.

This viewpoint is further supported by the current studies
that suggest CaCCs in fiber cells reside mostly in the closed
state at negative potentials in the presence of physiological
levels of intracellular free calcium. However, increasing [Ca2þ]i

to values of ‡200 nM caused a significant increase in CaCC
activity. There are a number of ion channels and receptors in
the lens epithelial cells and newly elongating fiber cells whose
activation could trigger such an increase in intracellular

FIGURE 6. Distribution of immunoreactive TMEM16A is restricted to a
superficial region around the equator of the lens. (A–C) Low-
magnification images show the distribution of TMEM16A immunore-
activity (ab-72984; Abcam) in axial sections from 10-day-old wild-type
mouse lenses. The localization of nuclei (blue) and TMEM16A (green)
is shown either alone (A and B, respectively) or in combination (C).
Scale bar: 150 lm. Images are representative of results from >3
animals. (D–F) Higher magnification confocal images of the epithelial
cells and superficial newly elongating fiber cells near the equator in an
axial section. The localization of TMEM16A (green) and the membrane
marker WGA (red) is shown either alone (D and E, respectively) or
merged (F). Nuclei are labeled with 40,6-diamidino-2-phenylindole
(DAPI; blue) in all panels. Scale bar: 20 lm. (G–I). Equatorial sections
through the modiolus labeled with TMEM16A (green; G), WGA (red;
H) alone, or merged (I). Nuclei are labeled with DAPI (blue) in all
panels. Scale bar: 20 lm. Images are representative of results from >3
animals. Rabbit IgG isotype control experiments showed no signal
(data not shown).

FIGURE 7. The expression pattern of TMEM16B partially overlaps that
of TMEM16A in the lens. (A–C) Low magnification images show the
distribution of TMEM16B immunoreactivity in axial sections from 10-
day-old wild-type mouse lenses. The localization of nuclei (blue) and
TMEM16B (green) is shown either alone (A and B, respectively) or in
combination (C). Scale bar: 150 lm. Images are representative of
results from >3 animals. (D–F) Higher magnification confocal images
of the epithelial cells and superficial newly elongating fiber cells near
the equator in an axial section from a 10-day-old wild-type mouse lens.
The localization of TMEM16B (green) and the membrane marker WGA
(red) is shown either alone (D and E, respectively) or merged (F).
Nuclei are labeled with DAPI (blue) in all panels. Arrowhead indicates
modiolus. Scale bar: 20 lm. Images are representative of results from
>3 animals. Rabbit IgG isotype control experiments showed no signal
(data not shown).
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calcium and potentially result in the opening of CaCCs. These
include TRPV1 and TRPV4 channels,24–27 connexin and
pannexin hemichannels,5,25 and P2Y receptors.28 Many of
these channels and receptors have been reported to be
involved in the activation of CaCCs in other types of cells.29–33

One situation in which these chloride fluxes mediated by
CaCCs could play an important role is in volume regulation and
in maintaining the spatial gradient in the index of refraction in
the lens. It has been proposed previously that TRPV1 and
TRPV4 act as sensors to detect changes in hydrostatic pressure
at the surface of the lens. TRPV4 is activated by hypoosmotic
solution and sends signals to increase the rate of water efflux
from the lens by increasing the activity of the sodium/
potassium ATPase in the lens epithelial cells. In contrast,
TRPV1 is activated by hyperosmotic solutions and sends signals
to decrease the rate of water efflux by either increasing the
activity of NaKCC1 and/or inhibiting the sodium/potassium
ATPase.24,34,35 This, in turn, would return the hydrostatic
pressure at the surface of the lens back to zero and, thus,
maintain the normal gradient of water within the lens.
Potentially, TMEM16A/B would also be an important part of
this negative feedback control system. It would be interesting
to determine whether TRPV4 and/or TRPV1 colocalizes with
TMEM16A/B in the newly elongating lens fiber cells.

Another situation in which chloride and water flow
mediated by CaCCs may be important is during accommoda-
tion. During deaccommodation, we propose that there is a
flow of water from the deeper fiber cells to more peripheral
fiber cells through gap junctions, followed by flow out of the
lens (as reported for the bovine lens36). Egress of fluid from the
lens would be mediated by mechanical distention of the
surface cells that would trigger an increase in [Ca2þ]I via TRPV4
channels (or some other mechanism), an opening of CaCCs,
chloride efflux, reduction in intracellular osmolarity, and
movement of fluid out of the lens. Outflow of fluid appears
to be concentrated near the equatorial surface of the lens
based on the increased numbers of gap junctions and CaCCs
near the equator.37,38 Further experiments are needed to test
this hypothesis and determine how it might complement other
notions of accommodation.
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