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PURPOSE. The epithelial sodium channel (ENaC) is typically
expressed in sodium-absorbing epithelia. Several reports sug-
gest that ENaC is also expressed in ocular tissues and may play
a role in aqueous humor secretion and glaucoma. However, the
precise localization of ENaC in the human eye is still unclear.
Here, the authors studied ENaC expression in 12 normal hu-
man donor eyes and in six eyes of patients with glaucoma.

METHODS. Quantitative real-time PCR was used to investigate
the expression of �-, �-, �-, and �-ENaC transcripts in ocular
tissues. In addition, the authors performed immunohistochem-
ical studies using recently generated antibodies against human
�- and �-ENaC.

RESULTS. At the mRNA level, all four ENaC subunits were found
to be expressed in a wide range of ocular tissues from normal
and glaucomatous human eyes, with the cornea, ciliary body,
iris, and retina showing the highest expression levels. At the
protein level, �- and �-ENaC subunits showed distinct distribu-
tion patterns and could be immunolocalized primarily to the
cell membranes of epithelial cells of the cornea and to the
conjunctiva, iris, ciliary body, lens, and retinal pigment epithe-
lium but also to vascular endothelial cells, smooth muscle cells,
stromal cells, and retinal neurons. The authors found no altered
mRNA level of any subunit in glaucomatous eyes.

CONCLUSIONS. All four ENaC subunits (����) are expressed in
the normal human eye, with distinct localization of subunits
possibly reflecting different functional states of the channel.
The (patho-)physiological roles of ENaC in the various localiza-
tions in the eye remain to be determined. (Invest Ophthalmol
Vis Sci. 2012;53:596–604) DOI:10.1167/iovs.11-8581

The epithelial sodium channel (ENaC) is a member of the
ENaC/degenerin family of ion channels and is typically

localized in the apical membrane of sodium-absorbing epithe-
lial cells, such as in the distal nephron, distal colon, respiratory
epithelia, and urinary bladder and in the ducts of sweat and

salivary glands.1–3 In these epithelia ENaC-mediated Na� influx
across the apical membrane is the rate-limiting step for trans-
epithelial Na� transport. Thus, appropriate regulation of ENaC
plays an important role in the fine-tuning of transepithelial fluid
and electrolyte transport and in the overall maintenance of the
body’s sodium balance. The hormonal signals, local mediators,
and molecular mechanisms involved in ENaC regulation are
highly complex and still incompletely understood (see Ref. 4
for review). Interestingly, ENaC expression has also been re-
ported in skin, vascular endothelial and smooth muscle cells,
and glial and neuronal cells, where its physiological roles re-
main to be determined.5–12

ENaC is a heteromultimeric channel usually composed of
three homologous subunits (�, �, and �) with a 30% to 40%
identity at the level of their amino acid sequence.13 Each
subunit has a large extracellular domain, short intracellular
amino- and carboxyl-termini, and two transmembrane domains
(M1 and M2). The M2 domains are thought to contribute to the
channel pore. Expression of �-ENaC alone or in combination
with either �- or �-ENaC is sufficient for channel activity to
occur. In contrast, expression of �-ENaC or �-ENaC alone does
not result in measurable ENaC currents. Co-expression of all
three subunits (�, �, �) is needed for full channel activity.13 A
fourth subunit, �-ENaC, has been cloned from a human kidney
cDNA library with transcriptional expression in a range of
tissues including testis, ovary, pancreas, and brain.14,15 Genes
corresponding to human �-ENaC have been identified in chim-
panzee, dog, chicken, and rabbit but seem to be absent in
mouse and rat.15,16 In heterologous expression systems,
�-ENaC has functional similarities to �-ENaC,14,17 and it is more
closely related to �-ENaC at the sequence level (37% amino
acid identity) than it is to �- and �-ENaC. Thus far, little is
known about the physiological role of �-ENaC. The available
crystal structure of the related acid-sensing ion channel
ASIC118 and recent atomic force microscopy studies19 suggest
that ENaC is a trimer. It is likely that both, the �-subunit and the
�-subunit, can co-assemble with the other two subunits to form
functional ���- or ���-ENaC.17 However, the precise stoichi-
ometry and subunit composition of ENaC remains a matter of
debate and may vary in different locations.

In ocular tissues, a wide range of membrane transport
mechanisms, including various types of ion channels, are in-
volved in intracellular ion homeostasis and transepithelial ion
transport. The latter determines the composition of intraocular
fluids and provides the driving force for osmotically obliged
fluid movement across ocular epithelia, which is important, for
example, in the maintenance of the transparency of the cornea
and lens, in aqueous humor formation, and in retinal func-
tion.20–22 In this context it is of interest that evidence has been
reported for ENaC expression in ocular tissues of different
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species, including rat, mouse, rabbit, ox, and human.12,23–37

Ocular ENaC expression does not seem to be limited to epi-
thelial cells but has been observed in fibroblasts,33 retinal
neurons, glial cells,12,24 and photoreceptors.28,29 In the human
eye, ENaC expression has been detected in the cornea,30,33,36

ciliary body,26,34,35 and retina.34 Little is known about the
(patho-)physiological role of ENaC in the eye, but ENaC may
contribute to aqueous humor formation,26 corneal endothelial
sodium and fluid transport,31 and the pathophysiology of cer-
tain forms of glaucoma.27

A comprehensive study on ENaC expression, localization,
and subunit distribution in the human eye is not yet available.
Moreover, as far as we know, the expression of �-ENaC has not
yet been elucidated in the human eye. Therefore, in the pres-
ent study, we investigated the transcriptional expression of �-,
�-, �-, and �-ENaC subunits in various human ocular tissues
using quantitative real-time PCR. Given that a previous study
demonstrated specific transcriptional upregulation of �-ENaC
in the retina in a mouse model of glaucoma,27 we also studied
the expression of ENaC transcripts in ocular tissues obtained
from glaucoma patients. In addition, our recently established
subunit-specific antibodies for human �-ENaC and �-ENaC17

allowed us to localize ocular ENaC expression by immunocy-
tochemistry.

MATERIALS AND METHODS

Tissues

Ocular tissues were obtained from 12 normal donor eyes without any
known ocular disease and were used for real-time PCR (mean age,
79.0 � 6.7 years; four women, two men) or immunohistochemistry
(mean age, 67.5 � 6.6 years; three women, three men). These eyes
were obtained at autopsy and were processed within 10 hours of
death. In addition, tissues of three eyes with open-angle glaucoma
(mean age, 85.7 � 3.7 years; two women, one man) and three eyes
with angle-closure glaucoma (mean age, 80.0 � 3.7 years; two women,
one man) were used. These eyes had to be surgically enucleated
because of painful absolute glaucoma and were processed immediately
after enucleation. It is unusual that chronic open-angle glaucoma
causes pain requiring enucleation of the affected eye. The three enu-
cleated eyes with an anatomically open chamber angle used in this
study were blind and painful eyes with a long-standing history of
open-angle glaucoma and multiple surgical interventions, a cup to disc
(C/D) ratio of 1.0, and intraocular pressure (IOP) levels up to 45 mm
Hg. Clinical data on one of the open-angle glaucoma eyes used in the
present study have previously been reported.38 Informed consent to
tissue donation was obtained from the patients or, in the case of
autopsy eyes, from their relatives; the study was approved by the local
Ethics Committee and adhered to the tenets of the Declaration of
Helsinki for experiments involving human tissues and samples.

Antibodies

We recently generated and described subunit-specific rabbit poly-
clonal antibodies against human �- and �-ENaC.17 We confirmed
that these antibodies recognize human �-ENaC and �-ENaC heter-
ologously expressed in HEK293 cells and in native human kidney
tissue in a subunit-specific manner (Supplementary Data and Sup-
plementary Figs. S1, S2, http://www.iovs.org/lookup/suppl/doi:
10.1167/iovs.11-8581/-/DCSupplemental).

Immunohistochemistry

Immunofluorescence labeling of ocular tissues was performed as pre-
viously described.39 In negative control samples, the primary antibody
was replaced by PBS or equimolar concentrations of nonimmune
rabbit IgG. Specificity of the antibodies was also determined by pre-
adsorption of the primary antibodies with the respective immunizing
peptides (1 �g/mL) for 1 hour at room temperature before the staining
procedure.

Quantitative Real-time RT-PCR

RNA extraction and cDNA synthesis was performed as previously
described.40 Quantitative real-time PCR was carried out with software
and a thermal cycler (MyIQ Thermal Cycler; Bio-Rad, Munich, Ger-
many). PCR reactions (25 �L) contained 2 �L cDNA, 3.5 mM MgCl2,
0.2 �M each upstream and downstream primer, and 0.1 �M universal
probe (Roche) in 1� supermix (iQ Supermix; Bio-Rad). All samples
were analyzed in duplicate with a program of 95°C for 3 minutes and
40 cycles of 95°C for 15 seconds, 60°C for 30 seconds, and 72°C for 30
seconds. For quantification, standard curves using serial dilutions (102-
107 copies) of plasmid-cloned amplicons were run in parallel. For
normalization of gene expression levels, ratios relative to the house-
keeping gene GAPDH were calculated. Primer sequences (Eurofins,
Anzing, Germany) are shown in Table 1.

RESULTS

Expression of ENaC Transcripts in Human
Ocular Tissues

Using quantitative real-time PCR, we demonstrated that at
the mRNA level all four ENaC subunits (����) are expressed
in the human eye, with �-ENaC consistently showing the
highest expression levels (Fig. 1). Corneal tissue expressed
high levels of �-ENaC and moderate levels of �- and �-ENaC,
whereas �-ENaC was not expressed (Fig. 1A). Although
much lower expression levels were observed in the trabec-
ular meshwork, the relative expression pattern with the
highest level of �-ENaC and lacking expression of �-ENaC
paralleled that of the cornea (Fig. 1B). A relatively balanced
expression of �-, �-, �-, and �-subunits was found in the iris.
However, the expression level of �-ENaC was lower than for

TABLE 1. Primers Used for Quantitative Real-Time PCR

Gene Accession No. Product (bp) Probe Sequence (5�–3�)

GAPDH NM�002046 66 60 AGCCACATCGCTCAGACAC
GCCCAATACGACCAAATCC

�-ENaC NM�001038 72 31 AACCAGGTCTCCTGCAACC
GAAAGTATAGCAGTTTCCATAC

�-ENaC NM�000336 60 15 GACCAAAGCACCAATATCACC
GAAGTAGATGTTGAGCTTGAC

�-ENaC NM�001039 64 8 TCTACAACGCTGCCTACTCG
TCCACCATCTTTGTCTGGAA

�-ENaC NM�002978 127 87 AGCCAGTGACGAAGCTGTG
AAGCAGGATGGAGCCTCTG

The probe used was the TaqMan probe from the Universal Probe Library.
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the other three subunits (Fig. 1C). Ciliary processes revealed
a pronounced expression of �- and �-ENaC but only weak
expression of �- and �-ENaC (Fig. 1D). In the lens epithelium
and choroid, prominent expression of �-ENaC and weak
expression of all other subunits were observed (Figs. 1E,
1F). Finally, in the retina, expression of �-ENaC was stron-
gest, with moderate expression of �-ENaC and �-ENaC and
weak expression of �-ENaC (Fig. 1G).

The data shown in Figure 1 can also be used to compare
the expression levels of each subunit in different ocular
tissues. Expression of �-ENaC was strongest in ciliary pro-

cesses and cornea, followed by the lens, iris, and retina, and
weakest in the choroid and trabecular meshwork. In con-
trast, �-ENaC showed the highest expression levels in the
iris, moderate levels in the cornea and retina, and weak
levels in the ciliary processes, choroid, trabecular mesh-
work, and lens. The expression pattern of �-ENaC was sim-
ilar to that of �-ENaC, with the exception of the ciliary
processes in which a very high expression level of the
�-subunit was observed exceeding even that of the �-sub-
unit. The highest �-ENaC expression was found in the retina,
followed by the iris; weak expression was found in the lens,

FIGURE 1. (A–G) Quantitative de-
termination of mRNA expression lev-
els of ENaC isoforms in different hu-
man ocular tissues using real-time
PCR technology. The expression level
was normalized against GAPDH, and
the results are expressed as copy
number ENaC per GAPDH. Values
represent mean � SD of three sepa-
rate experiments.
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ciliary body, and choroid. Thus, subunit expression patterns
varied considerably in different ocular tissues.

Comparison of ENaC Expression in Normal and
Glaucomatous Eyes

In additional quantitative real-time PCR experiments, we investi-
gated the expression of ENaC subunits in ocular tissues obtained
from patients with glaucoma (n � 6) and compared that with the
expression in normal control tissues (n � 6). No significant
differences in expression levels of ENaC transcripts were ob-
served in glaucomatous eyes compared with normal eyes (Fig. 2).
Thus, in human glaucomatous eyes, we could not confirm a
transcriptional upregulation of �-ENaC in the retina that has pre-
viously been reported in a mouse model of glaucoma.27

Localization of ENaC �- and �-Subunits in Human
Ocular Tissues

Using immunohistochemistry, we found ENaC �- and �-sub-
units to be widely expressed in various ocular tissues of normal
eyes (n � 6). Staining was particularly prominent along the
plasma membranes of epithelial cells, but in some tissues it was
also prominent in vascular endothelial, stromal, and neuronal
cells. No fluorescence signal above background was detected
when nonimmune serum or PBS was used instead of the primary
antibody. In the ciliary processes, we showed exemplarily that
preadsorption of antibodies with their respective immunizing
peptides resulted in the abolishment of staining, confirming the
specificity of immune reactions (see Figs. 5E, 5F).

Immunolocalization of ENaC in corneal and conjunctival
tissue revealed a prominent but incongruent distribution of �-
and �-subunits in ocular surface epithelia: the �-subunit was
detected only in the apical cells of the corneal epithelium (Fig. 3A),
in basal cell clusters of the limbal epithelium (Fig. 3B), and in
basal cells of the conjunctival epithelium (Fig. 3C). In contrast,
the �-subunit was found to be expressed throughout all layers
of the corneal epithelium (Fig. 3D) and in the suprabasal
epithelium at the limbus, sparing the �-ENaC–positive basal
cell clusters (Fig. 3E). The �-subunit was also expressed within
ectopic islands of corneal epithelial cells dispersed within the
negative conjunctival epithelium (Fig. 3F). Both subunits were
immunolocalized to the corneal endothelium and the stromal
keratocytes (Figs. 3A, 3D, insets).

Weak expression of both ENaC subunits in the trabecular
meshwork was focally detected in endothelial cells of Schlemm’s
canal, whereas the trabecular endothelial cells appeared negative
(Figs. 4A, 4B). In iris tissue, both the �- and �-subunits were
immunolocalized to the basal and apical aspects of the iris pig-
ment epithelium and to nonepithelial cells such as smooth mus-
cle cells of the dilator and sphincter muscles, endothelial
cells of stromal vessels, and stromal cells, forming the ante-
rior border layer (Figs. 4C, 4D). The lens epithelium showed
a punctate staining pattern with antibodies against �-ENaC
and intracellular staining for �-ENaC (Figs. 4E, 4F).

In the ciliary body, �-ENaC was detected primarily in the
ciliary epithelium, where it localized to the opposed apical
membranes of both the nonpigmented epithelial (NPE) and the
pigmented epithelial (PE) layers covering the ciliary processes
(Figs. 5A, 5B). However, we cannot differentiate between a
localization of ENaC in the apical membrane of PE cells versus
its localization in the apical membrane of NPE cells. In fact,
ENaC may be present in the apical membrane of both cell
types. In addition, �-ENaC was observed along the basal cell
membranes of the PE. �-ENaC was present primarily along the
basal membrane domains of the PE (Figs. 5C, 5D). Both sub-
units were also expressed in smooth muscle cells of the ciliary
muscle (data not shown).

In the posterior segment of the eye, choroidal tissue revealed
positive staining for �-ENaC in the vascular walls of larger blood
vessels, particularly in smooth muscle and endothelial cells (Fig. 6A),
and positive staining for �-ENaC in endothelial cells of the
choriocapillaries (Fig. 6B). The retinal pigment epithelium was
positive only for the �- but not for the �-subunit (Figs. 6A, 6B).
In the neuroretina, the most prominent staining for �-ENaC
was seen in individual neurons of the ganglion cell and inner
nuclear layers and in the photoreceptor layer in the transition
zone between inner and outer segments (Figs. 6C, 6E). The
�-subunit was expressed primarily in retinal cells, often reveal-
ing a nuclear or a perinuclear staining pattern, in retinal nerve
fibers and in the inner and outer nuclear layers (Figs. 6D, 6F).

In preliminary immunocytochemical experiments we did
not detect significant differences in the localization of �- and
�-ENaC expression in glaucomatous versus control eyes apart

FIGURE 2. Quantitative determination of mRNA expression levels of
ENaC isoforms in human ciliary processes (top) and retina (bottom)
comparing normal donors (control) and glaucoma patients (n � 6 for
each patient group) using real-time PCR technology. The expression
level was normalized against GAPDH, and the results are expressed as
copy number ENaC per GAPDH.
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from an apparent lack of positively labeled retinal ganglion
cells in the glaucomatous specimens (data not shown).

DISCUSSION

This study demonstrates the presence of all four ENaC subunits
(����) in human ocular tissues, with a detailed analysis of the
expression pattern of the different subunits. Using quantitative
real-time PCR, we found ENaC expression in virtually all tissues of
the anterior and posterior eye segments, with high expression

levels in the cornea, ciliary body, iris, and retina and lower ex-
pression levels in the lens, trabecular meshwork, and choroid.
Transcriptional ENaC expression was not different in glaucoma-
tous eyes compared with normal eyes. In all ocular tissues ex-
pressing ENaC transcripts, we also obtained immunocytochemi-
cal evidence for ENaC expression by using recently established
antibodies against human �-ENaC and �-ENaC. Interestingly, our
immunocytochemical data demonstrate ENaC expression not
only in ocular epithelia but also in several nonepithelial cells, such
as endothelial cells of blood vessels and in Schlemm’s canal,
smooth muscle cells of the iris and ciliary body, stromal cells of
the iris anterior border layer, and retinal neurons.

FIGURE 3. Immunolocalization of
ENaC �- and �-subunits in human
cornea, limbus, and conjunctiva. The
�-subunit is hardly detected in the
corneal epithelium (A) but is present
primarily in basal cells of the limbal
(B) and conjunctival (C) epithelia
and in corneal endothelial cells (in-
set, A, arrowheads). The �-subunit is
expressed in the corneal epithelium
(D), the suprabasal epithelium at the
limbus (E), and ectopic islands (ar-
row) of corneal epithelial cells in the
conjunctival epithelium (F) and in the
corneal endothelium (inset, D, arrow-
heads). DM, Descemet’s membrane;
EP, epithelium; ST, stroma. Scale bars:
100 �m (A–F); 20 �m (insets).

FIGURE 4. Immunolocalization of ENaC �- and �-subunits in human
trabecular meshwork (A, B), iris (C, D), and lens (E, F) tissue. (A, B)
Both �- and �-subunits can be focally detected in endothelial cells of
Schlemm’s canal (arrows) and in the scleral spur. (C, D) Both subunits
can be immunolocalized to the basal aspects of the iris pigment
epithelium (arrowheads), the dilator muscle, stromal vessels (arrows),
and stromal cells forming the anterior border layer. (E, F) Both sub-
units are present in the lens epithelium showing a punctate staining
pattern along cell membranes. ABL, anterior border layer; DM, dilator
muscle; EP, epithelium; SC, Schlemm’s canal; SS, scleral spur; ST, stroma;
TM, trabecular meshwork. Scale bars: 100 �m (A–D); 20 �m (E, F).

FIGURE 5. Immunolocalization of ENaC �- and �-subunits in human
ciliary processes. (A, B) The �-subunit can be immunolocalized to the
opposed apical membranes of pigmented and NPE layers (arrows) and
to the basal aspects of PE cells (arrowheads). (C, D) The �-subunit is
observed primarily along the basal aspects of the pigmented epithelial
layer (arrows). (E, F) Preadsorption control experiments showing
abolishment of specific staining for �- (E) and �- (F) subunits. BV,
blood vessel; EP, epithelium; PC, posterior chamber; ST, stroma. Scale
bars: 100 �m (A, C, E, F); 20 �m (B, D).
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Regional Subunit Distribution and Abundant
Ocular Expression of �-ENaC Transcripts

We found �-, �-, and �-ENaC mRNA, but not �-ENaC mRNA,
transcripts in the cornea and trabecular meshwork. This indi-
cates that in these tissues, the ��� configuration of ENaC is
prevalent. In contrast, in iris, ciliary body, lens, and choroid, all
four subunits (����) were detected. In all ocular tissues with
ENaC expression, the �-subunit showed the highest mRNA
levels, with the exception of the ciliary processes in which
�-ENaC mRNA was more abundant than �-ENaC mRNA. Inter-
estingly, the �-subunit is thought to be essential for channel
function,13 and, in the absence of �- and �-ENaC, homomeric
channels consisting of �-subunits may be formed. Thus, the
expression of �-ENaC alone is sufficient for relevant channel
function that may be enhanced and modified by the coexpres-
sion of additional subunits.

Substantial Presence of �-ENaC Transcripts in
Human Eye

The presence of �-ENaC in several human ocular tissues is a
novel observation. In heterologous expression systems, the
expression of �-ENaC alone results in measurable ENaC cur-
rents that are enhanced by the coexpression of �- and
�-ENaC.14 Thus, the �-subunit is functionally similar to the
�-subunit. Interestingly, in all ocular tissues expressing �-ENaC,
the mRNA level of �-ENaC was higher than that of the �-sub-

unit, which suggests a predominance of the �-subunit over the
�-subunit in the eye. The highest expression of the �-subunit
was detected in the retina. This suggests that in the retina, a
substantial population of channels have a ��� configuration
rather than the classical ��� configuration. Channels contain-
ing a �-subunit instead of an �-subunit display some distinctive
properties. For example, ���-ENaC is more than one order of
magnitude less sensitive to amiloride than ���-ENaC.14,17,41,42

Furthermore, ���-ENaC, but not ���-ENaC, can be activated
by extracellular protons.43,44 Another difference is the higher
single-channel Na� conductance (�12 pS vs. �5 pS)14 and the
reduced self-inhibition by extracellular Na�42 of ���-ENaC
compared with ���-ENaC. Therefore, the presence of �- and
�-subunits indicates that ENaC exists in different functional
states in different parts of the eye.

Incongruent Cellular Localization of
�- and �-ENaC

Interestingly, the immunocytochemical staining pattern of
�-ENaC was different from that of �-ENaC. At first sight this
incongruent expression pattern may be surprising. However,
in classical ENaC-expressing tissues such as kidney, colon,45

and lung, it is well known that individual ENaC subunits are
differentially regulated with tissue-specific expression patterns
and with different responsiveness of individual subunits to
hormonal regulation. Thus, the degree of constitutive and
regulated expression may be different for each channel subunit
and may vary from tissue to tissue and within tissues between cell
types. From these observations the concept of “noncoordinate
regulation” of ENaC subunits has evolved.46,47 Heterologous co-
expression of �� and �� subunits results in measurable channel
activity with unique single-channel properties.48,49 Therefore, it is
conceivable that tissue-specific subunit expression patterns may
be a regulatory mechanism to adjust the properties of ENaC to
specific functional needs. Moreover, we must consider the possi-
bility that ENaC subunits coassemble with other members of the
ENaC/degenerin ion channel family (e.g., the acid-sensing ion
channel ASIC1).50 This may result in different channel properties
and may add a level of complexity to ENaC regulation. Interest-
ingly, ASIC expression has been reported in the eye and may be
important for retinal function.51

Epithelial ��� Configuration of ENaC in Corneal
Endothelial and Epithelial Cells

The cornea is thought to maintain its hydration and thickness
by a pump-leak mechanism, in which the endothelial mono-
layer maintains both a barrier to fluid movement from the
anterior chamber into the stroma and an active pump of fluid
out of the stroma into the aqueous humor.52–54 This net fluid
efflux from the stroma across the corneal endothelium de-
pends on sodium and bicarbonate ion transport by way of
several ion transporters and channels, allowing water to pas-
sively follow. Our finding that ENaC is present in corneal
endothelium is in good agreement with previous reports.25,31

Recirculation of a fraction of paracellular Na� flux may occur
through apical ENaC and may be important for corneal endo-
thelial fluid transport by electroosmosis.31

Active Na� absorption from the tear to the stromal side by
the corneal epithelium has been demonstrated in several cor-
neal preparations from different species.20 The finding that
Na� absorption across corneal epithelial cells can be blocked
by ENaC-specific inhibitors suggests an involvement of ENaC.55

This conclusion is further supported by molecular evidence of
ENaC expression in corneal epithelial cells.32–34,36,56 ENaC
expression has also been reported in rabbit and human con-
junctival tissue.30 Interestingly, in the latter study, topical ap-
plication of amiloride was shown to increase the quantity of

FIGURE 6. Immunolocalization of ENaC �- and �-subunits in human
choroid (A, B) and retina (C–F). (A, B) The �-subunit can be immu-
nolocalized to the retinal pigment epithelium and to the walls of the
large choroidal blood vessels (arrows, A), whereas the �-subunit is
expressed primarily in the choriocapillaries (arrows, B). (C–F) The
�-subunit can be immunolocalized to individual neurons in the gan-
glion cell layer and inner nuclear layer (arrows) and in the photore-
ceptor layer (arrowheads, C, E). The �-subunit is expressed in the
ganglion cell layer, and in the inner and outer nuclear layers (D, F). BV,
blood vessel; CC, choriocapillaris; GCL, ganglion cell layer; INL, inner
nuclear layer; ONL, outer nuclear layer; PRL, photoreceptor layer; RPE,
retinal pigment epithelium; SC, sclera; ST, choroidal stroma. Scale bars:
200 �m (A–D); 100 �m (E); 20 �m (F).
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preocular tears, possibly as a result of reduced ion and fluid
absorption caused by ENaC inhibition.

The present study shows �-, �-, and �-, but not �-, ENaC mRNA
expression in the human cornea. Thus, ENaC is likely to exist in
an ��� conformation, which is typical for epithelial function and
supports the concept that ENaC contributes to Na� transport in
the corneal endothelium, corneal epithelium, and conjunctiva.

Prominent �-ENaC Expression in Putative Limbal
Stem and Progenitor Cells

Using immunohistochemistry we confirmed the presence of �-
and �-ENaC in the corneal endothelium and found a noncon-
gruent distribution pattern of both subunits in ocular surface
epithelia. Interestingly, the �-subunit was present primarily in
basal regions of the limbal epithelium, resembling stem and
progenitor cell clusters.57 Moreover, the �-subunit was found
in basal cells of the conjunctival epithelium. Double-labeling
experiments showed colocalization of �-ENaC, with putative
stem and progenitor cell markers (ABCG2, p63�) in the basal
cell clusters at the limbus (data not shown), suggesting a role
of the �-subunit for limbal stem cell function. In contrast,
immunostaining for the �-subunit was observed throughout all
layers of the corneal epithelium but not in the putative limbal
stem cell population. This is an interesting observation and
suggests that preferential expression of �-ENaC versus �-ENaC
may be linked to the state of cell differentiation. It is interesting
that the modulation of ENaC activity may play a role in regen-
eration and wound healing.5,25,58,59

Potential Roles of ENaC in Aqueous Humor
Formation and Outflow Regulation

The primary function of the double-layered ciliary epithelium,
comprising pigmented and nonpigmented layers, is the secre-
tion of aqueous humor,22 which is essential for the mainte-
nance of intraocular pressure and the provision of nutrients to
avascular structures of the eye. The driving force for aqueous
humor secretion is provided by transepithelial ion transport of
Na�, Cl� and HCO3

� generating an osmotic gradient for water
movement.22,60 Ion uptake by the PE cells is followed by
diffusion of ions from PE to NPE cells through gap junctions,
and ion release from the NPE cells into the posterior cham-
ber.61 In the present study, we immunolocalized �-ENaC pri-
marily to the opposed apical membranes of PE and NPE layers
of ciliary processes and, to a lesser extent, to the basal cell
membranes of the PE facing the ciliary stroma. In contrast,
�-ENaC was present primarily along the basal membrane do-
mains of the PE. As discussed, the functional relevance of this
incongruent localization of both subunits is not yet clear.
However, expression of the �-ENaC subunit in combination
with either the �- or the �-subunit is sufficient to generate a
significant sodium flux.48,62 Thus, strict cellular colocalization
of the �- and �-subunits is not required for relevant channel
function provided that �-ENaC is present. In the ciliary epithe-
lium this is likely to be the case, as suggested by our finding
that �-ENaC transcripts are abundantly expressed in the ciliary
body. Previous studies also have found ENaC expression in
ciliary epithelium, consistent with our findings.26,32,34,35 It has
been speculated that ENaC may support reabsorption of Na�

from the aqueous humor back into the NPE cells.26 Alterna-
tively, ENaC may facilitate Na� uptake from PE cells by the
apical membrane of NPE cells which is then secreted by the
Na�/K�-ATPase at the basolateral membrane facing the aque-
ous humor. From our immunocytochemical studies we cannot
deduce whether ENaC is localized in the apical membrane of
NPE or PE cells or both. ENaC expression in the apical mem-
brane of PE cells would be difficult to reconcile with a role of
ENaC in aqueous humor secretion. In contrast, the apparent

expression of ENaC along the basal membrane domains of PE
cells may indicate a role of ENaC in Na� uptake into PE cells.
However, with our present data we are not yet in a position to
propose a coherent model for the role of ENaC in aqueous
humor secretion.

Interestingly, intraocular pressure is increased after pro-
longed exposure to mineralocorticoids and is reduced by the
aldosterone antagonist spironolactone.63,64 A significant de-
crease in intraocular pressure was also observed in glaucoma
patients after treatment with spironolactone for 2 weeks.65 In
the kidney and colon, the mineralocorticoid aldosterone is the
main hormonal stimulus of ENaC activity.4 Therefore, stimula-
tion of ENaC-mediated sodium transport across the ciliary ep-
ithelium by mineralocorticoids may contribute to the patho-
physiology of glaucoma.26 It should be mentioned that ENaC
and related degenerin proteins have been reported to be
mechanosensitive in glaucoma and may play a role in sensing
endothelial shear stress, mechanical stiffness,66 and blood pres-
sure.6 Therefore, ENaC may play a role in sensing intraocular
pressure. Moreover, ENaC expression in endothelial cells lining
Schlemm’s canal may indicate a role in monitoring and modi-
fying outflow resistance. However, at this stage no experimen-
tal data are available to support this hypothesis.

ENaC and Retinal Function

In good agreement with our findings, several previous studies
have presented evidence of ENaC expression in the retina, with
localization in the retinal pigment epithelium (RPE), photorecep-
tors, and neuronal cells of all retinal layers.12,23,24,27–29,34,37 As
mentioned, the human retina is the ocular tissue with the highest
expression level of �-ENaC transcripts. �-ENaC has a broader
tissue distribution than the other three subunits (���) and may be
present in neurons.8 Therefore, retinal �-ENaC may be localized
with preference in retinal neurons and photoreceptors. Unfortu-
nately, suitable antibodies that specifically recognize human
�-ENaC are not yet available to confirm this. In excitable cells,
depolarizing Na� influx by ENaC may modify the resting mem-
brane potential and, hence, the excitability of the cells.

In DBA/2J mice, a model for secondary angle-closure glau-
coma that develop elevated intraocular pressure with subse-
quent loss of retinal ganglion cells, upregulation of �-ENaC has
been observed in the neurosensory retina, both in synaptic and
in nuclear layers.27 At present it is unclear whether upregula-
tion of ENaC is a general phenomenon in glaucoma or is limited
to this mouse model. In our study, we could not detect any
significant differences in expression levels of human ENaC tran-
scripts in retinal or ciliary body tissues derived from patients with
glaucoma compared with normal control specimens. However,
we investigated only a limited number of end-stage glaucomatous
eyes enucleated because of painful open-angle or angle-closure
glaucoma. The pathophysiological situation in early glaucoma
may be different, but human glaucoma eyes at an early disease
stage were not available to us. At present we cannot rule out the
possibility that differences in transcriptional ENaC expression
may occur in earlier stages of open-angle or angle-closure glau-
coma. Moreover, channel activity is not only determined by tran-
scriptional expression but also by translation, post-translational
modification, and protein trafficking. Thus, the findings presented
in this study do not preclude ENaC activity to be altered in
glaucoma.

Interestingly, the mineralocorticoid receptor has been de-
tected in several ocular tissues.12,29,33,63,67 ENaC has been
detected in Müller glial cells12,28,37 and RPE,29 in which the
mineralocorticoid receptor may colocalize with ENaC. More-
over, aldosterone has been shown to upregulate ENaC expres-
sion in Müller glial cells12 and in the RPE.29 A recent study
further highlights the mineralocorticoid-sensitivity of rat neu-
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roretina.37 Whether the effects of aldosterone on retinal func-
tion are at least in part caused by mineralocorticoid receptor–
mediated stimulation of ENaC remains to be determined.

CONCLUSION

In the human eye, the rather heterogeneous distribution pat-
tern of the four ENaC subunits (����) suggests that transmem-
brane sodium transport by ENaC may have a wide range of
functional roles. These may include contributions to the main-
tenance of transparency and the hydration of cornea and lens,
aqueous humor formation and regulation of intraocular pres-
sure, and photoreception and neuronal processing in the ret-
ina. It is interesting that exposure to systemic or topical ste-
roids is associated with a variety of ocular diseases and that
ocular tissues express not only glucocorticoid receptors but
also mineralocorticoid receptors. Because mineralocorticoids
and glucocorticoids are the main hormonal regulators of ENaC
in epithelial tissues, it is tempting to speculate that modifying
ENaC function may contribute to the pathophysiology of steroid-
induced ocular diseases. Thus, the use of ENaC inhibitors or
blockers of the mineralocorticoid receptor may offer new thera-
peutic approaches for the treatment of ocular diseases. Therefore,
future functional studies of the (patho-)physiological roles of
ENaC in the eye are needed and are likely to be rewarding.
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technical assistance.

References

1. Garty H, Palmer LG. Epithelial sodium channels: function, struc-
ture, and regulation. Physiol Rev. 1997;77:359–396.

2. Alvarez de la Rosa D, Canessa CM, Fyfe GK, Zhang P. Structure and
regulation of amiloride-sensitive sodium channels. Annu Rev
Physiol. 2000;62:573–594.

3. Kellenberger S, Schild L. Epithelial sodium channel/degenerin fam-
ily of ion channels: a variety of functions for a shared structure.
Physiol Rev. 2002;82:735–767.

4. Loffing J, Korbmacher C. Regulated sodium transport in the renal
connecting tubule (CNT) via the epithelial sodium channel
(ENaC). Pflugers Arch. 2009;458:111–135.

5. Drummond HA, Furtado MM, Myers S, et al. ENaC proteins are
required for NGF-induced neurite growth. Am J Physiol Cell
Physiol. 2006;290:C404–C410.

6. Drummond HA, Jernigan NL, Grifoni SC. Sensing tension: epithe-
lial sodium channel/acid-sensing ion channel proteins in cardiovas-
cular homeostasis. Hypertension. 2008;51:1265–1271.

7. Charles RP, Guitard M, Leyvraz C, et al. Postnatal requirement of
the epithelial sodium channel for maintenance of epidermal bar-
rier function. J Biol Chem. 2008;283:2622–2630.

8. Yamamura H, Ugawa S, Ueda T, Nagao M, Shimada S. A novel
spliced variant of the epithelial Na� channel �-subunit in the
human brain. Biochem Biophys Res Commun. 2006;349:317–321.

9. Yamamura H, Ugawa S, Ueda T, Nagao M, Shimada S. Epithelial
Na� channel �-subunit mediates acid-induced ATP release in the
human skin. Biochem Biophys Res Commun. 2008;373:155–158.

10. Kusche-Vihrog K, Sobczak K, Bangel N, et al. Aldosterone and
amiloride alter ENaC abundance in vascular endothelium. Pflugers
Arch. 2008;455:849–857.

11. Giraldez T, Afonso-Oramas D, Cruz-Muros I, et al. Cloning and
functional expression of a new epithelial sodium channel � sub-
unit isoform differentially expressed in neurons of the human and
monkey telencephalon. J Neurochem. 2007;102:1304–1315.

12. Golestaneh N, De Kozak Y, Klein C, Mirshahi M. Epithelial sodium
channel and the mineralocorticoid receptor in cultured rat Muller
glial cells. Glia. 2001;33(2):160–168.

13. Canessa CM, Schild L, Buell G, et al. Amiloride-sensitive epithelial
Na� channel is made of three homologous subunits. Nature. 1994;
367:463–467.

14. Waldmann R, Champigny G, Bassilana F, Voilley N, Lazdunski M.
Molecular cloning and functional expression of a novel amiloride-
sensitive Na� channel. J Biol Chem. 1995;270:27411–27414.

15. Yamamura H, Ugawa S, Ueda T, Nagao M, Shimada S. Capsazepine
is a novel activator of the delta subunit of the human epithelial Na�

channel. J Biol Chem. 2004;279:44483–44489.
16. Biasio W, Chang T, McIntosh CJ, McDonald FJ. Identification of

Murr1 as a regulator of the human � epithelial sodium channel.
J Biol Chem. 2004;279:5429–5434.

17. Haerteis S, Krueger B, Korbmacher C, Rauh R. The �-subunit of the
epithelial sodium channel (ENaC) enhances channel activity and
alters proteolytic ENaC activation. J Biol Chem. 2009;284:29024–
29040.

18. Jasti J, Furukawa H, Gonzales EB, Gouaux E. Structure of acid-
sensing ion channel 1 at 1.9 Å resolution and low pH. Nature.
2007;449:316–323.

19. Stewart AP, Haerteis S, Diakov A, Korbmacher C, Edwardson JM.
Atomic force microscopy reveals the architecture of the epithelial
sodium channel (ENaC). J Biol Chem. 2011;286:31944–31952.

20. Wiederholt M. Physiology of epithelial transport in the human eye.
Klin Wochenschr. 1980;58:975–984.

21. Candia OA, Alvarez LJ. Fluid transport phenomena in ocular epi-
thelia. Prog Retin Eye Res. 2008;27:197–212.

22. Do CW, Civan MM. Species variation in biology and physiology of
the ciliary epithelium: similarities and differences. Exp Eye Res.
2009;88:631–640.

23. Brockway LM, Benos DJ, Keyser KT, Kraft TW. Blockade of
amiloride-sensitive sodium channels alters multiple components of
the mammalian electroretinogram. Vis Neurosci. 2005;22:143–
151.

24. Brockway LM, Zhou ZH, Bubien JK, Jovov B, Benos DJ, Keyser KT.
Rabbit retinal neurons and glia express a variety of ENaC/DEG
subunits. Am J Physiol Cell Physiol. 2002;283:C126–C134.

25. Chifflet S, Hernandez JA, Grasso S. A possible role for membrane
depolarization in epithelial wound healing. Am J Physiol Cell
Physiol. 2005;288:C1420–C1430.

26. Civan MM, Peterson-Yantorno K, Sanchez-Torres J, Coca-Prados M.
Potential contribution of epithelial Na� channel to net secretion of
aqueous humor. J Exp Zool. 1997;279:498–503.

27. Dyka FM, May CA, Enz R. Subunits of the epithelial sodium channel
family are differentially expressed in the retina of mice with ocular
hypertension. J Neurochem. 2005;94:120–128.

28. Golestaneh N, Nicolas C, Picaud S, Ferrari P, Mirshahi M. The
epithelial sodium channel (ENaC) in rodent retina, ontogeny and
molecular identity. Curr Eye Res. 2000;21:703–709.

29. Golestaneh N, Picaud S, Mirshahi M. The mineralocorticoid recep-
tor in rodent retina: ontogeny and molecular identity. Mol Vis.
2002;8:221–225.

30. Hara S, Hazama A, Miyake M, et al. The effect of topical amiloride
eye drops on tear quantity in rabbits. Mol Vis. 2010;16:2279–2285.

31. Kuang K, Li Y, Yiming M, et al. Intracellular [Na�], Na� pathways,
and fluid transport in cultured bovine corneal endothelial cells.
Exp Eye Res. 2004;79:93–103.

32. Matsuo T. Expression of amiloride-sensitive sodium channel in rat
eye. Acta Med Okayama. 1998;52:279–283.

33. Mirshahi M, Mirshahi S, Golestaneh N, et al. Mineralocorticoid
hormone signaling regulates the ‘epithelial sodium channel’ in
fibroblasts from human cornea. Ophthalmic Res. 2001;33:7–19.

34. Mirshahi M, Nicolas C, Mirshahi S, Golestaneh N, d’Hermies F,
Agarwal MK. Immunochemical analysis of the sodium channel in
rodent and human eye. Exp Eye Res. 1999;69:21–32.

35. Rauz S, Walker EA, Hughes SV, et al. Serum- and glucocorticoid-
regulated kinase isoform-1 and epithelial sodium channel subunits
in human ocular ciliary epithelium. Invest Ophthalmol Vis Sci.
2003;44:1643–1651.

36. Rauz S, Walker EA, Murray PI, Stewart PM. Expression and distri-
bution of the serum and glucocorticoid regulated kinase and the
epithelial sodium channel subunits in the human cornea. Exp Eye
Res. 2003;77:101–108.

IOVS, February 2012, Vol. 53, No. 2 ENaC in the Human Eye 603

Downloaded From: http://iovs.arvojournals.org/pdfaccess.ashx?url=/data/journals/iovs/933463/ on 06/06/2018



37. Zhao M, Valamanesh F, Celerier I, et al. The neuroretina is a novel
mineralocorticoid target: aldosterone up-regulates ion and water
channels in Muller glial cells. FASEB J. 2010;24:3405–3415.

38. Schlötzer-Schrehardt U, Pasutto F, Sommer P, et al. Genotype-
correlated expression of lysyl oxidase-like 1 in ocular tissues of
patients with pseudoexfoliation syndrome/glaucoma and normal
patients. Am J Pathol. 2008;173:1724–1735.

39. Schlötzer-Schrehardt U, Zenkel M, Nusing RM. Expression and
localization of FP and EP prostanoid receptor subtypes in human
ocular tissues. Invest Ophthalmol Vis Sci. 2002;43:1475–1487.

40. Zenkel M, Kruse FE, Junemann AG, Naumann GO, Schlötzer-
Schrehardt U. Clusterin deficiency in eyes with pseudoexfoliation
syndrome may be implicated in the aggregation and deposition of
pseudoexfoliative material. Invest Ophthalmol Vis Sci. 2006;47:
1982–1990.

41. Ji HL, Bishop LR, Anderson SJ, Fuller CM, Benos DJ. The role of
Pre-H2 domains of �- and �-epithelial Na� channels in ion perme-
ation, conductance, and amiloride sensitivity. J Biol Chem. 2004;
279:8428–8440.

42. Ji HL, Su XF, Kedar S, et al. �-Subunit confers novel biophysical
features to ���-human epithelial sodium channel (ENaC) via a
physical interaction. J Biol Chem. 2006;281:8233–8241.

43. Ji HL, Benos DJ. Degenerin sites mediate proton activation of ���-
epithelial sodium channel. J Biol Chem. 2004;279:26939–26947.

44. Yamamura H, Ugawa S, Ueda T, Nagao M, Shimada S. Protons
activate the �-subunit of the epithelial Na� channel in humans.
J Biol Chem. 2004;279:12529–12534.

45. Bertog M, Cuffe JE, Pradervand S, et al. Aldosterone responsiveness
of the epithelial sodium channel (ENaC) in colon is increased in a
mouse model for Liddle’s syndrome. J Physiol. 2008;586:459–475.

46. Farman N, Talbot CR, Boucher R, et al. Noncoordinated expression
of �-, �-, and �-subunit mRNAs of epithelial Na� channel along rat
respiratory tract. Am J Physiol. 1997;272(part 1):C131–C141.

47. Weisz OA, Wang JM, Edinger RS, Johnson JP. Non-coordinate
regulation of endogenous epithelial sodium channel (ENaC) sub-
unit expression at the apical membrane of A6 cells in response to
various transporting conditions. J Biol Chem. 2000;275:39886–
39893.

48. Fyfe GK, Canessa CM. Subunit composition determines the single
channel kinetics of the epithelial sodium channel. J Gen Physiol.
1998;112:423–432.

49. McNicholas CM, Canessa CM. Diversity of channels generated by
different combinations of epithelial sodium channel subunits.
J Gen Physiol. 1997;109:681–692.

50. Kapoor N, Lee W, Clark E, et al. Interaction of ASIC1 and ENaC
subunits in human glioma cells and rat astrocytes. Am J Physiol
Cell Physiol. 2011;300:C1246–C1259.

51. Ettaiche M, Deval E, Pagnotta S, Lazdunski M, Lingueglia E. Acid-
sensing ion channel 3 in retinal function and survival. Invest
Ophthalmol Vis Sci. 2009;50:2417–2426.

52. Bryant MR, McDonnell PJ. A triphasic analysis of corneal swelling
and hydration control. J Biomech Eng. 1998;120:370–381.

53. Mergler S, Pleyer U. The human corneal endothelium: new insights
into electrophysiology and ion channels. Prog Retin Eye Res.
2007;26:359–378.

54. Fischbarg J, Maurice DM. An update on corneal hydration control.
Exp Eye Res. 2004;78:537–541.

55. Midelfart A, et al. The effect of amiloride on Na�, K� and water in
bovine corneal epithelium. Exp Eye Res. 1987;45:751–762.

56. Chang-Lin JE, Kim KJ, Lee VH. Characterization of active ion transport
across primary rabbit corneal epithelial cell layers (RCrECL) cultured
at an air-interface. Exp Eye Res. 2005;80:827–836.

57. Schlötzer-Schrehardt U, Dietrich T, Saito K, et al. Characterization
of extracellular matrix components in the limbal epithelial stem
cell compartment. Exp Eye Res. 2007;85:845–860.

58. Del Monaco SM, Marino G, Assef Y, Kotsias BA. [Preeclampsia,
cellular migration and ion channels] (in Spanish). Medicina. 2008;
68:405–410.

59. Del Monaco SM, Marino GI, Assef YA, Damiano AE, Kotsias BA.
Cell migration in BeWo cells and the role of epithelial sodium
channels. J Membr Biol. 2009;232:1–13.

60. Jacob TJ, Civan MM. Role of ion channels in aqueous humor
formation. Am J Physiol. 1996;271:C703–720.

61. Do CW, Civan MM. Basis of chloride transport in ciliary epithe-
lium. J Membr Biol. 2004;200:1–13.

62. Canessa CM, Merillat AM, Rossier BC. Membrane topology of the
epithelial sodium channel in intact cells. Am J Physiol. 1994;
267(part 1):C1682–C1690.

63. Agarwal MK, Mirshahi M. General overview of mineralocorticoid
hormone action. Pharmacol Ther. 1999;84:273–326.

64. Qin Y, Lam S, Yam GH, et al. A rabbit model of age-dependent
ocular hypertensive response to topical corticosteroids. Acta Oph-
thalmol. 2010:1–5.

65. Witzmann, R. [Effect of spironolactone on intraocular pressure in
glaucoma patients] (in German). Klin Monbl Augenheilkd. 1980;
176:445–446.

66. Kusche-Vihrog K, Callies C, Fels J, Oberleithner H. The epithelial
sodium channel (ENaC): mediator of the aldosterone response in
the vascular endothelium? Steroids. 2010;75:544–549.

67. Mirshahi M, Nicolas C, Mirshahi A, et al. The mineralocorticoid
hormone receptor and action in the eye. Biochem Biophys Res
Commun. 1996;219:150–156.

604 Krueger et al. IOVS, February 2012, Vol. 53, No. 2

Downloaded From: http://iovs.arvojournals.org/pdfaccess.ashx?url=/data/journals/iovs/933463/ on 06/06/2018


