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Abstract
Transport of water and electrolytes is critical for corneal clarity. Recent studies indicate another
important function of transport of ions and electrolytes - establishing wound electric fields that guide
cell migration. We found chloride (Cl-) flux is a major component of the corneal wound electric
current. In order to elucidate the mechanisms of Cl- transport, we studied Cl- channels and
transporters in human corneal epithelial (HCE) cells.

We tested a transformed human corneal epithelial cell line (tHCE), primary cultures of human corneal
epithelial cells (pHCE), and human donor corneas. We first used RT-PCR to determine expression
levels of mRNA of CLC (Cl- channel/transporter) family members and CFTR (cystic fibrosis
transmembrane conductance regulator) in HCE cells. We then confirmed protein expression and
distribution of selected CLC family members and CFTR with Western blot and immuno-fluorescence
confocal microscopy. Finally, Cl- currents were recorded with electrophysiological techniques.

The mRNAs of CLC-2, CLC-3, CLC-4, CLC-5, CLC-6, and CFTR were detected in the HCE cell
line. CLC-1 and CLC-7 were not detectable. Western blot and immunostaining confirmed protein
expression and distribution of CLC-2, CLC-3, CLC-4, CLC-6 and CFTR in human corneal
epithelium. CLC-2 preferentially labeled the apical and basal layers, while CLC-3 and CLC-4 labeled
only the superficial layer. CLC-6 and CFTR labeling showed a unique gradient with strong staining
in apical layers which gradually decreased towards the basal layers. Corneal endothelium was
positive for CLC-2, CLC-3, CLC-4, CLC-6 and possibly CFTR. Human corneal epithelial cells
demonstrated voltage dependent Cl- currents.

HCE cells express functional Cl- channels and transporters. CLC-2, CLC-3, CLC-4, CLC-6, and
CFTR had distinct expression patterns in human corneal epithelium. Those molecules and their
distribution may play important roles in maintaining resting Cl- fluxes and in regulating Cl- flux at
corneal wounds, which may be a major contributor to wound electrical signaling.
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1. Introduction
Corneal epithelium and endothelium transport electrolytes and water between stroma, tear fluid
and anterior aqueous chamber respectively. Corneal epithelium for example transports chloride
(Cl-) from the basal side to the tear side and sodium (Na+) from the tear to the basal side
(Candia, 2004; Fischbarg et al., 2006; Klyce and Crosson, 1985; Levin and Verkman, 2005;
Reinach et al., 2008; Yang et al., 2000; Yang et al., 2001). One physiological role of such
transport is to regulate corneal hydration – to maintain cornea deturgescence and therefore
cornea clarity. Corneal endothelium transports Cl-, which is required for fluid transport in rabbit
corneal endothelium (Winkler et al., 1992). Fluxes of Cl- together with HCO3

- and Na+

generated osmotic gradients that drive water transport (Fischbarg, 1997). The cAMP and
calcium-activated Cl- transport was proposed to be essential for the HCO3

-transport across the
apical membrane of corneal endothelium from stroma into anterior chamber (Bonanno and
Srinivas, 1997; Li et al., 2008; Sun and Bonanno, 2002; Zhang et al., 2006; Zhang et al.,
2002). In rabbit cornea, Cl- flux accounted for 30% of water transport across corneal
endothelium (Diecke et al., 2007)

Accumulating experimental evidence suggest another important role for transport of
electrolytes by corneal epithelium, namely to generate naturally-occurring electric fields (EFs)
at corneal wounds (Chiang et al., 1992; Nuccitelli, 2003; Reid et al., 2007; Reid et al., 2005).
Several lines of evidence suggest that the endogenous wound EFs thus generated are powerful
signals which can guide and stimulate corneal epithelial cells (CECs) to heal wounds (Chiang
et al., 1992; Jaffe, 1981; Jaffe and Vanable, 1984; McCaig et al., 2005; Nuccitelli, 2003;
Nuccitelli et al., 2008; Reid et al., 2007; Reid et al., 2005; Sta Iglesia and Vanable, 1998;
Zhao, 2009; Zhao et al., 2006). Directional transport of ions (mainly Cl- and Na+) produces an
electrical potential difference across the epithelium – which is called the transepithelial
potential difference (TEP) (Barker et al., 1982; Chiang et al., 1992; Mukerjee et al., 2006;
Nuccitelli et al., 2008; Sta Iglesia and Vanable, 1998). In frog and bovine corneas, active
transport of ions results in a TEP of 25-45mV with the stromal side positive in relation to the
tear side (Candia et al., 1968; Chiang et al., 1992; Fischer et al., 1972; Klyce, 1972). Injury
collapses the TEP at the wound. The positive potential underneath the intact epithelium relative
to the wound drives electric currents (by convention, the flow of positive charges) into the
wound, resulting in endogenous EFs pointing to the wound center, the direction CECs migrate
and proliferate to heal the wounds (Chiang et al., 1992; Nuccitelli, 2003; Reid et al., 2005;
Zhao et al., 2006).

Ion substitution and pharmacological stimulation suggest a major role for Cl- in the wound
currents. Cl- free artificial tear solution (ATS) significantly increased transcorneal potential
and the wound currents. Pharmacological agents that stimulate Cl- transport, e.g. cyclic AMP
mediated chloride channel activation, contributes to the generation of currents underlying the
formation of EFs that promote cell migration (Levin et al., 2006; Reid et al., 2007; Reid et al.,
2005; Zhao et al., 2006).

Several types of Cl- transporting molecules have been found in CECs. Mouse, rabbit and human
CECs express CFTR (cystic fibrosis transmembrane conductance regulator) and volume-
regulated chloride channel (Al-Nakkash et al., 2004; Al-Nakkash and Reinach, 2001; Levin
and Verkman, 2006). Ca2+-activated Cl- channels CLCA2 was identified in human and chick
CECs (Connon et al., 2006; Itoh et al., 2000). Rabbit CECs express RNAs encoding for CLC-2,
CLC-3, CLC-5, CLC-6, CLC-7, but not for CLC-1 and CLC-4. Human CECs appear to express
CLC-2 and CLC-3 (Davies et al., 2004). mRNAs for CLC-2, CLC-3, CLC-4, CLC-6, and
CLC-7 were found in human CECs (Itoh et al., 2000). Expression and asymmetric distribution
is the basis of directional transport of ions. Using RT-PCR, Western blot and
immunofluorescence microscopy, we examined the expression of chloride channels in primary,
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transformed, and in situ corneal epithelial cells. We report here that human CECs express
selective CLC family members, which have very distinct distribution in corneal epithelium.

2. Methods
2.1 PCR primers and antibodies

PCR primers for the chloride channels CLC-1 through CLC-7, CFTR and ANO1were designed
using Primer3 online. CFTR regulates transcorneal potential and served as a positive control
as it is expressed in human cornea (Levin et al., 2006; Zaidi et al., 2004). ANO1 or anoctamin
1 also known as TMEM16A, is a Ca2+ activated Cl- channels in many transporting epithelia
(Caputo et al., 2008; Schroeder et al., 2008; Yang et al., 2008). Tissue specific primers keratin
12, collagen 7 and collagen 8 were designed using the same protocols. Human CLC- mRNA
sequences were downloaded from NCBI GenBank. A region that matched the consensus
sequence for that CLC was chosen for PCR primers. At the same time the sequence was not
in regions where the cDNA sequence was conserved between different members of the CLC
family members. Primers were chosen to be 20 bp in length, with a GC content of 45-60%, no
long repeats of a single base and 150 to 500 bp of products length. We further confirmed lack
of cross-reactivity between the 3′ end of the CLC-primers and other known genes by BLAST
searches. The optimized primer oligos used in the study are shown in Table 1. All primers were
synthesized by Eurofins MWG Operon (UK).

Primary antibodies against CLC family members were from Santa Cruz (CA, USA): CLC-2
(Cat #: sc-16430 (C-20)), CLC-3 (Cat #: sc-17572 (K-17)), CLC-4 (Cat #: sc-16435(C-20))
and CLC-6 (Cat #: sc-16439 (N-20)). Primary antibodies against CFTR were from Cell
Signaling (Cat #: CFTR 2269, USA).

2.2 Cell cultures and Donor corneas
SV40 transformed human corneal epithelial cells - tHCE cells were kindly provided by Dr
Araki-Sasaki. They were cultured in supplemented hormonal epithelial medium (DMEM/F12)
as previously described (Araki-Sasaki et al., 1995; Zhao et al., 1997). Once ∼70% confluent,
the cells were subcultured and medium was changed every 2 days. tsA201 cells (a subclone of
HEK293 (Human Embryonic Kidney) cells) for negative control in electrophysiology
experiments were cultured by using Dulbecco's Modified Eagle Medium supplemented with
20mM L-Glutamine,10% fetal bovine serum, 100 U/ml penicillin and 100 μg/ml streptomycin.

Primary culture of human corneal epithelial (pHCE) cells was described in details previously
(Kahn et al., 1993). Donor corneas were placed epithelial-side up on a sterile surface and cut
into ∼12 triangular-shaped wedges. The corneal segments were then turned epithelial-side
down in individual tissue culture wells and allowed to settle at room temperature for 20 minutes.
One drop of serum-free medium (DMEM/F12 with antibiotic, human epidermal growth factor
and insulin, Invitrogen, CA) was carefully placed upon each segment and the tissue was
incubated overnight in a CO2 incubator (37°C, 5% CO 2). The next day, fresh medium was
added. The medium was changed every 2 days until ∼70% confluence, when the cells were
subcultured into a fibronectin and collagen coated flask.

Use of human donor corneas from DCI Donor Services (Sacramento, CA, USA) for this
research was approved by UC Davis Institutional Review Board (protocol number
200816682-1). Only corneas that were within 2 days from donors were used. No restrictions
were placed on the age of the donor. Before shipping to our lab, the corneas were screened free
of hepatitis B, hepatitis C, and HIV and stored in McCarey-Kaufman or Dexsol storage media
at 4°C. We scored the corneas upon arrival. Only those corneas that were transparent with
smooth surface were selected.
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To collect fresh cornea epithelial cells from donor corneas, the epithelium was gently scraped
off with a new blade under a dissecting microscope as described (Davies et al., 2004). The
purity of freshly isolated epithelial cells and primary culture of corneal epithelial cells was
confirmed with specific PCR primers Keratin12, Collagen 7, and Collagen 8.

2.3 RNA extraction and RT-PCR (reverse transcription polymerase chain reaction)
tHCE (1×106) were mixed with 1 ml of TriZol reagent (Invitrogen, UK). RNA was then
extracted following the manufacturer's protocol, followed by DNase treatment, phenol-
chloroform extraction, and ethanol precipitation. RNA was re-suspended in 30 μl RNase free
water, analyzed by agarose gel electrophoresis and quantified by spectrophotometry
(absorbance at 260 nm).

RNA (2 μg) from HCE cells was heated to denature at 65 °C f or 5 min, cooled 1 min on ice
and reverse transcribed in a 20 μl reaction solution containing 2.5 μM oligo (dT)20 primer, 1×
RT buffer, 0.5 mM each dNTP, 5 mM dithiothreitol, 40 U RNase-OUT and 200 U Superscript
II reverse transcriptase (Invitrogen, UK). The cDNA synthesis was carried out at 50 °C for 50
min and 1 μl RNase H was added for removing RNA. PCR was then performed in 30 μl reaction
volumes containing 2 μl of undiluted cDNA, 1× PCR buffer, 1.5 mM MgCl2, 0.2 mM each
dNTP, 0.5 μM each primer, and 2.5 U Taq polymerase (Invitrogen, UK). After 35 cycles of
94 °C for 1 min, annealing temperature for 1 min, and 72 °C for 1 min, the products were
evaluated on a 2% agarose gel. Triplicate PCR experiments were done to confirm the results.
Each experiment used RNA originating from a different batch of cell sample.

2.4 Protein extraction and Western blot
tHCE Cells (∼5×106) or pHCE cells and human corneal epithelium tissue were collected and
rinsed with cold D-PBS and snap frozen in liquid nitrogen for further use. Non-ocular tissues
(mouse muscle and brain) were collected from fresh carcasses for other experimental purpose
without pharmacological treatment. The tissue was rinsed in D-PBS and snap frozen in liquid
nitrogen until use. All samples were lysed with lysis buffer (10 mM Tris-HCL, 50 mM NaCl,
5 mM EDTA, 50 mM sodium fluoride, 1% Triton X-100, 30 mM Na4P2O7 1 mM sodium
orthovanadate and protease inhibitor cocktail) (Boehringer-Ingelheim, Ingelheim, Germany).
Equal amounts of protein lysate (50μg) were loaded onto 4 to 10% Bis-Tris gel, followed by
electroblot analysis onto nitrocellulose membrane (Invitrogen, UK). The membranes were
stained with Ponceau S for detection of transfer efficiency, then were blocked with 5% milk
TBST (pH 7.4 with 0.1% (w/v) Tween 20) for 2 h. The membrane was incubated with relevant
primary antibodies respectively (1:100 dilution of anti-CLC-2, and CLC-4, from Santa Cruze,
CA, USA) 1:1000 dilution of anti-CFTR (Cell Signaling, USA) or anti-tubulin (Sigma-Aldrich,
UK) overnight at 4°C. Anti-rabbit/mouse/goat secondary antibody with horseradish peroxidase
(1:5000) was used, and the immunoblots were detected by an enhanced chemiluminescence
(ECL) detection system (Amersham Pharmacia Biotech, UK). The western blotting was
repeated more than three times.

2.5 Immunofluorescence microscopy
Human donor corneas were used within 48h of death. The corneas were fixed with 4%
paraformaldehyde in PBS for 20 min. The samples were frozen at -80C°, and sections were
obtained by slicing the samples (sliding arc CO2 freezing microtome) (Leitz, Inc., Rockleigh,
N J) and collecting them in sodium azide. Cryosections (10-15 μm thick) were cut and collected
on gelatin coated slides. Nonspecific binding sites were blocked with PBS containing 2%
bovine serum albumin (BSA) plus 0.3% Triton X-100, for 30 min at room temperature. Primary
antibodies, diluted 1:200 in 1% BSA-PBS and 0.3% Triton X-100 were applied to corneal
sections overnight at 4°C in a m oist chamber. After several washes in PBS, the tissue sections
were labeled with cy3 conjugated secondary antibody (Molecular Probes) diluted 1:500, for 1
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h at room temperature and mounted with Vectorshield mounting medium with DAPI (Vector
Labs, Peterborough, UK). Fluorescent signals were visualized on a Zeiss LSM 510 META
Confocal microscope using 20×/0.5w and 40×/1.2w objectives.

2.6 Image analysis
Fluorescence intensity was measured using MetaMorph software (Universal Imaging Corp.).
A very thick line (∼ a cell in width) was drawn perpendicular to the epithelial surface and
across the corneal epithelium. Fluorescence intensity along the line was recorded. One
additional method was used to quantify fluorescence intensity in apical layers, middle layers
and basal layers. A rectangle of three cells-long and two cells-width was drawn in the apical
layers, middle layers and basal layers. After background (no tissue area) subtraction, the
fluorescence intensity of CLC6 and CFTR staining was normalized against actin filament
staining. Three areas of each section and three sections from each donor cornea were quantified.
The fluorescence intensity was averaged from three donor corneas. Those semi-quantitative
data were statistically compared using unpaired two-tailed Student's t test.

2.7 Electrophysiology
Whole-cell current recordings from HCE cells were performed using an Axopatch 200B
amplifier (Axon Instrument/Molecular Devices, Union City, CA). Currents were digitally
filtered at 1 kHz and digitized at 2 kHz using a Digidata 1322A digitizer and pClamp 9.0
software (Axon Instrument/Molecular Devices). The recording pipettes were pulled from
borosilicate glass (World Precision Instruments, Sarasota, FL) using a PP-830 pipette puller
PP-830 (Narishige International, Inc., New York, NY), and the pipette resistance was ∼ 2-3
MΩ when filled with the pipette solution. The pipette solution contained (in mM): 110 Na
Glutamate, 30 NaCl, 5 MgSO4, 10 HEPES, 1 EGTA, pH 7.4; the standard bath solution
contained (in mM): 140 TEACl, 1MgCl2, 10 Hepes, pH=7.4. The low chloride bath solution
is the same as the pipette solution. All experiments were conducted at room temperature and
the recording was repeated in 4 cells (n=4).

3. Results
3.1 Expression of CLC mRNA

We designed a set of PCR primers that would amplify each member of the CLC family based
on human gene sequence (Table 1). The panel of primers was used to evaluate the CLC gene
expression profile of the HCE cells. Due to freshness of tissue, we only tested the tHCE. BLAST
hit was scored to confirm that the primers amplified the expected CLC product. We also used
mock reverse transcription reactions, used as a negative control to exclude genomic DNA
contamination of mRNA samples. The majority of CLC mRNAs were found to be expressed
in HCE cells, including mRNAs for CLC-2, CLC-3, CLC-4, CLC-5, whereas CLC-6, CLC-1
and CLC-7 were not detected (Fig. 1). mRNAs for other two molecules CFTR and ANO1 also
exist in the tHCE cells. As a control the kidney specific channel, CLC-Kb was not found in
tHCE cells.

3.2 Expression of CLC proteins
To determine whether the mRNAs identified above are indeed translated into proteins, we used
Western blot to determine protein expression of CLC-2, CLC-4 and CFTR in freshly isolated
HCE tissues, pHCE cells and tHCE cells. Western blot of all three proteins confirmed their
expression (Fig. 2). One unexpected result was that proteins of CLC-2, CLC-4 and CFTR were
expressed at significantly higher level in freshly isolated HCE tissues than in cultured epithelial
cells (primary culture or cell line). tHCE cells expressed very low levels of these three proteins.
Nevertheless, careful examination revealed the presence of positive bands, which was
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confirmed in three separate experiments, and by increasing the total amount of protein loaded.
The difference in expression level may have significant functional implications - the expression
of CLC-s is regulated during stratification and has functional significance at the tissue level.

3.3 Distinct distribution of CLCs in human corneal epithelium
We next examined the distribution of CLCs in corneal epithelium. Polarized distribution of
channels and pumps underlies directional absorption and secretion. In polarized kidney
epithelium for example, ion transporters and pumps are distributed asymmetrically. One
striking result of our study is that CLCs have very distinct distribution pattern (Fig. 3). The
unique distribution of CLC-2, CLC-3, CLC-4, CLC-6 and CFTR strongly suggests directional
and regulated transport of Cl- across human corneal epithelium.

We found three different patterns of distribution of CLC and CFTR in human corneal
epithelium: 1) expression on the apical and basal layers; 2) expression only on the apical layers;
3) a gradient expression with highest expression level in the apical layers.

CLC-2 was distributed in both the apical layer and basal layer (Fig. 3A). In HCE cells in the
superficial layer, CLC-2 staining was restricted to the apical side. In the basal cells, CLC-2
staining was restricted to the stromal side. This is better appreciated in the merged image
combining epithelial nuclear and CLC-2 staining to show the whole epithelial structure (Fig.
3A, right panel).

CLC-3 and CLC-4 were expressed exclusively in superficial layer epithelial cells (Fig. 3B, C).
In positive cells, CLC-3 and CLC-4 staining was restricted to the apical side. CLC-6 and CFTR
showed a different type of distribution: a gradient with highest expression in the apical
squamous cell layers, but they were also expressed in wing cells and basal cells with gradually
and markedly decreased level (Fig. 3D, E). Quantitative analyses confirmed the gradient
distribution (Fig. 4). While CLC-2, CLC-3, CLC-4 and CLC-6 were detected mainly on the
cell membranes or cell periphery, CFTR was present more homogenously in the cytoplasm
(Fig. 3E).

3.4 Distribution of CLCs in human corneal endothelium
There were few CLC-2 and CLC-6 positive cells in the stroma. Cells positive for CLC-3 and
CLC-4 were even sparser in the stroma and stained weaker compared to CLC-2 and CLC-6
(data not shown). Human cornea endothelial cells were stained positive for CLC-2, CLC-3,
CLC-4, CLC-6 and CFTR (Fig. 5). CLC-2 was preferentially distributed in the apical side of
the endothelial layer (Fig. 5A), whereas CLC-3, CLC-4 and CLC-6 were distributed throughout
the whole endothelial layer with a tendency biased to the stromal side (Fig. 5B, C, D). Staining
of CFTR was on the basal side and very weak (Fig. 5E). Increasing the detection sensitivity
showed the autofluorescence of Descemet's membrane (Fig. 5E, thick red staining just beneath
the endothelial layer). Control staining using isoform IgG as primary antibodies or omission
of primary antibodies showed no staining of CLC-2, CLC-3, CLC-4, CLC-6 and CFTR (data
not shown).

3.5 Chloride currents recorded in HCE cells
To confirm the functionality of chloride channels and transporters, whole-cell chloride currents
were recorded from the pHCE and tHCE. As a control, whole-cell recording was also performed
on tsA201 cells under the same recording condition. tsA201 cells are a HEK293 (Human
Embryonic Kidney) cell subclone. Previous elegant studies have demonstrated Cl- currents in
rabbit corneal epithelial cells (Al-Nakkash et al., 2004; Al-Nakkash and Reinach, 2001). We
confirmed that human CECs had Cl- currents. Whole-cell currents were measured by clamping
the membrane potential from +80 to -120 mV in 20 mV increments with a holding potential
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of 0 mV. As shown in Fig. 6, outwardly rectifying chloride currents were recorded from both
the pHCE (Fig. 6A, left) and tHCE cells (Fig. 6B, left), but not from tsA201 control cells (Fig.
6C, left). The currents from the pHCE and tHCE cells were dependent on the extracellular
chloride concentrations. When the chloride concentration in the bath solution was reduced to
30 mM, the outward currents were reduced (Fig. 6A & B, middle) and the reversal potential
was shifted to the right, approaching 0 mV as indicated by the steady state current-voltage
relationships (Fig. 6A & B, right). This shift did not occur in the control cells (Fig. 6C, right).
We found that the chloride currents in pHCE and tHCE cells were very similar (comparing
Fig. 6A with Fig. 6B). To characterize the currents, we calculated the rectification index of the
currents by dividing the absolute current at -120 mV by the current at +80mV. We obtained
indices of 0.45 ± 0.03 for the pHCE cells and 0.40 ± 0.07 for tHCE cells. However, the index
was 1.28 ± 0.09 for tsA201cells. This demonstrated the specificity of the Cl- currents in cornea
epithelial cells.

4. Discussion
The molecular mechanisms of the EFs at corneal wounds are poorly understood. Our previous
studies suggested a significant role for Cl- flux . We therefore sought to determine Cl- channels
in HCE cells. We report here that: 1) tHCE cells express mRNAs of CLC-2, CLC-3, CLC-4,
CLC-5, CLC-6, CFTR, and ANO1 (or TMEM16A); 2) culturing CECs appears to reduce the
protein levels of CLC-2, CLC-4 and CFTR; 3) CLC-2, CLC-3, CLC-4, CLC-6 and CFTR are
expressed differentially in the different layers of corneal epithelium; 4) both pHCE and tHCE
cells have functional chloride currents.

4.1 Expression of CLCs
Rabbit CECs express RNAs encoding for CLC-2, CLC-3, CLC-5, CLC-6, CLC-7, but not
CLC-1 and CLC-4 (Davies et al., 2004). In the present study we focused on seven members
of the CLC channel/transporter family (CLC-1, CLC-2, CLC-3, CLC-4, CLC-5, CLC-6,
CLC-7). mRNAs encoding for CLC-2, CLC-3, CLC-4, CLC-5, and CLC-6, CFTR and ANO1
are expressed in HCE cells (Fig. 1). Expression of CLC-2, CLC-3, CLC-4, CLC-6 and CFTR
in HCE cells was confirmed with RT-PCR, Western blot and immunofluorescence staining
(Figs.1, 2, 3). Human corneal endothelium was also positively labelled with CLC-2, CLC-3,
CLC-4, CLC-6 and CFTR antibodies (Fig. 5). Expression of CLC-4, but not CLC-6 and CLC-7
in human CECs, while rabbit CECs do not express CLC-4, but CLC-5 and CLC-7 may suggest
interspecies difference in expression of CLC chloride channels and transporters.

Another important finding is that stratified corneal epithelial tissue harvested directly from
donor corneas showed higher protein expression levels of CLC-2, CLC-4 and CFTR (the only
proteins we probed with Western blotting). Stratification of chick corneal epithelium during
development and stratification of human CECs cultured on amniotic membrane is accompanied
by significant changes in CLCA2 expression. In monolayer culture, human CECs express
relatively little CLCA2. However, as the number of cell-layers increases, the gene expression
level and protein staining intensity of CLCA2 increase, mainly within the basal cells (Connon
et al., 2006). Further investigation of the expression level during stratification may offer
insights into the whole epithelium as a transporting unit.

4.2 Distribution of CLCs
In order to carry out directional transepithelial secretion and absorption, ion transporting
molecules are distributed in a tightly controlled manner in polarized epithelia. One significant
finding of our current research is the distinct distribution of CLC-2, CLC-3, CLC-4, CLC-6
and CFTR in human corneal epithelium. CLC-2 distribution is similar to what has been reported
in rabbit corneal epithelium – i.e. restricted to the apical and basal layers (Fig. 3). Distribution
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of CLC-3, CLC-4, CLC-6 and CFTR in human corneal epithelium has not been reported before.
CLC-3 and CLC-4 are exclusively located in the apical layers (Fig. 3B, C). A noticeable
difference is the apical membrane expression of CLC-3 and CLC-4. A significant proportion
of CLC-3 is expressed intracellularly in rabbit corneal epithelial cells (Davies et al., 2004).
CLC-6 and CFTR have another type of distribution – their expression levels are higher in the
apical layers and gradually decreased towards the basal layers (Fig. 3D, E;Fig. 4). Another
family of Cl- channels, calcium-activated chloride channels, are distributed asymmetrically in
the basal layer of the corneal epithelium (Connon et al., 2006;Davies et al., 2004). This
polarized distribution suggests a structural basis of directional Cl- transport in the corneal
epithelium.

4.3 CLC channels and transporters in stroma and endothelium
mRNA and protein of CLC-2 and CLC-3 were detected in rabbit corneal stroma and human
endothelium (Davies et al., 2004; Sun et al., 2001). Our immunofluorescence staining showed
CLC-2, 3, 4, and 6 positive cells in stroma and corneal endothelial cells. In the stroma, more
cells appeared to be positive for CLC-2 and CLC-6. Human corneal endothelial cells are
positive for CLC-2, 3, 4, 6, and possibly CFTR (Fig. 5). This is similar to what has been reported
for rabbit corneal endothelium, which are positive for CLC-2 and CLC-4 (Davies et al.,
2004). CFTR staining was very weak in endothelial cells. Increasing the gain of the confocal
microscope revealed patchy staining of the basal membrane, however this was confounded by
the autofluorescence of the Descemet's membrane (Fig. 5E).

4.4 Chloride channels in human CECs
Similar Cl- currents were recorded from the primary and transformed human CECs (Fig. 6),
whereas the western blotting showed marked differences in the levels of CLC-2, CLC-4 and
CFTR between the primary and transformed human CECs. The currents are unlikely to be
CLC-2 currents due to the outward rectifying behavior recorded. It is also not likely to be
mediated by CFTR as our recording solution significantly dilutes intracellular protein kinases
and ATP which are required for CFTR activation. Even though the Western blotting showed
different expression levels of CLC-2 and CFTR between primary and transformed HCE cells,
the recorded currents are actually similar. The Cl- currents could be a combination of currents
from CLCs, Ca2+ activated Cl- channels, and volume regulated Cl- channels. Volume-regulated
anion channels were characterized in SV40-immortalized rabbit corneal epithelial cells (Al-
Nakkash et al., 2004;Reinach et al., 2008). Those channels mediate a robust regulatory volume
decrease response to a hypotonic challenge. However, the cells did not show Cl- current in
isotonic solution (Al-Nakkash et al., 2004). Isotonic solution and Ca2+ free recording
conditions minimized the involvement of volume regulated Cl- channels and Ca2+ activated
Cl- channels. Further experiments are needed to determine specifically the molecular
participants of the recorded Cl- currents in HCE cells (Fig. 6).

In conclusion, using immunostaining, confocal microscopy, electrophysiology and molecular
techniques, we investigated CLCs in HCE cells. We established expression profiles and
distribution of CLCs. HCE cells express multiple Cl- channels. Corneal epithelial tissue
expresses much higher levels of CLC-2, CLC-4, and CFTR than cultured cells. CLC-2, CLC-3,
CLC-4, CLC-6 and CFTR had distinct expression pattern in human corneal epithelium.
Furthermore, we confirmed Cl- currents in human corneal epithelial cells. The expression
pattern suggests different functional roles for CLCs. Our results suggest that transport of Cl-
in HCE cells may play important roles in maintaining resting Cl- fluxes in intact cornea and
increased Cl- flux at corneal wounds, which could be a major contributor for wound electrical
signaling. Further study to elucidate the regulation of expression and distribution of CLCs at
corneal wounds will offer novel insights into ion fluxes and their role in corneal wound healing.
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Abbreviations

CLC chloride channels and transporters of CLC gene family

EF electric fields

HCE human corneal epithelial

tHCE transformed corneal epithelial cells

pHCE primary human corneal epithelial cells

CEC corneal epithelial cell

CFTR cystic fibrosis transmembrane conductance regulator

NKCC Na:K:2Cl cotransporter

EGF epidermal growth factor

ANO1 or anoctamin 1 is a calcium activated chloride channel also known as TMEM16A
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Figure 1. RT-PCR products for CLCs from human corneal epithelial cells
Transformed human corneal epithelial cell samples (tHCE) were used. DNA ladder is on the
left. Tissue specific markers are on the right.
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Figure 2. Western blot confirmed expression of proteins of CLC family members in human corneal
epithelial cells
Human corneal epithelial tissue, primary cultured human corneal epithelial cells and
transformed human corneal epithelial cells were probed with specific antibodies against
CLC-2, CLC-4, and CFTR. Mouse heart tissue was used as positive control for CLC-2, mouse
brain tissue was used as positive control for CLC-4 and CFTR. Tubulin was used as a loading
control. Because of the variation in the expression level of target proteins, we varied loading
quantity significantly.
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Figure 3. Confocal images of immunofluorescence staining for CLC family members in human
corneal epithelium
CLC family members CLC-2, CLC-3, CLC-4, CLC-6 and CFTR show distinct distribution in
human corneal epithelium. Actin (not show here) and DAPI (for nuclear staining) were used
as controls. (A), CLC-2 is distributed at the apical and basal layers of corneal epithelium. (B)
and (C), CLC-3, and CLC-4 are expressed at the apical layer. (D) and (E), CLC-6 and CFTR
expressed preferentially at the apical layers with expression level gradually decreasing towards
the basal layer. Tear side is orientated to the top and basal side towards the bottom.
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Figure 4. Gradients of CLC6 and CFTR staining in human corneal epithelium
Quantitative analyses were performed with Metamorph software. (A) Fluorescence intensity
along the shaded rectangles is shown in the corresponding line graph below. Actin filament
staining is used as an internal control. (B) The fluorescence intensity of CFTR and CLC-6 in
the apical, middle and basal layers of corneal epithelium was significantly different from each
other. Apical layers show strongest staining, which gradually decreased towards the basal
layers. The fluorescence intensity of CFTR and CLC-6 staining was normalized using the
fluorescence value of actin filaments. ** P<0.01.
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Figure 5. Confocal images of immunofluorescence staining for CLC family members in human
corneal endothelium
Human corneal endothelial cells are positive for immunostaining of CLC family members
CLC-2, CLC-3, CLC-4, CLC-6 and CFTR. DAPI (for nuclear) staining was used to show the
endothelium. Control staining using isoform IgG, or omission of the primary antibodies showed
no staining (not show here). Stromal side is orientated to the top and apical side is orientated
towards the bottom.
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Figure 6. Chloride currents recorded in human corneal epithelial cells
Whole-cell chloride currents recorded from primary cultured human corneal epithelial cells
(A), transformed HCE cells (B) and tsA201 cells as negative controls (C). The currents were
recorded in bath solutions contained 140 mM Cl- (left) or 30 mM Cl- (middle). The current-
voltage relationships are shown on the right. The zero current in the recordings are indicated
by the dotted lines.
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