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Abstract
Knockout of the chloride channel protein 2 (CLC-2; CLCN2) results in fast pro-
gressing blindness in mice. Retinal Pigment Epithelium (RPE) and photoreceptors 
undergo, in parallel, rapid, and profound morphological changes and degeneration. 
Immunohistochemistry and electron microscopy of the outer retina and electroreti-
nography of the CLC-2 KO mouse demonstrated normal morphology at postnatal 
day 2, followed by drastic changes in RPE and photoreceptor morphology and loss of 
vision during the first postnatal month. To investigate whether the RPE or the photo-
receptors are the primary cause of the degeneration, we injected lentiviruses carrying 
HA-tagged CLC-2 with an RPE-specific promotor in the subretinal space of CLC-
2-KO mice at the time of eye opening. As expected, CLC-2-HA was expressed ex-
clusively in RPE; strikingly, this procedure rescued the degeneration of both RPE and 
photoreceptors. Light response in transduced eyes was also recovered. Only a frac-
tion of RPE was transduced with the lentivirus; however, the entire RPE monolayer 
appears healthy, even the RPE cells not expressing the CLC-2-HA. Surprisingly, in 
contrast with previous physiological observations that postulate that CLC-2 has a 
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basolateral localization in RPE, our immunofluorescence experiments demonstrated 
CLC-2 has an apical distribution, facing the subretinal space and the photoreceptor 
outer segments. Our findings suggest that CLC-2 does not play the postulated role 
in fluid transport at the basolateral membrane. Rather, they suggest that CLC-2 per-
forms a critical homeostatic role in the subretinal compartment involving a chloride 
regulatory mechanism that is critical for the survival of both RPE and photoreceptors.

K E Y W O R D S

CLC-2, photoreceptor degeneration, RPE, subretinal space

1  |   INTRODUCTION

The retinal pigment epithelium (RPE) and photoreceptors 
are highly polarized cells, which establish a functional unit 
in the outer retina. While these cells differentiate simultane-
ously in the first trimester of human pregnancy, they develop 
postnatally in rodents.1,2 During this developmental stage, 
long microvilli extend from the apical surface of the RPE 
and wrap around the photoreceptor outer segments, a process 
controlled by ezrin.3 There is clear evidence that functional 
and properly polarized RPE cells are essential for the mor-
phogenesis, function and, survival of photoreceptors.4-7 The 
support function of RPE for photoreceptors and the neural 
retina is mediated by the ability of RPE cells to vectorially 
secrete growth factors asymmetrically such as apical PDGF8 
and basolateral VEGF, to perform daily phagocytosis of pho-
toreceptor outer segments,9 to participate in the regeneration 
of visual pigments and to act as the major blood-retinal bar-
rier between the subretinal space and the underlying choroi-
dal blood vessels.2,10,11 This barrier role of RPE is dependent 
on the establishment of functional tight junctions between 
the apical poles of neighboring cells12 and on the polarized 
distribution of ion channels and transporters between apical 
and basolateral plasma membrane domains.2,13 In turn, this 
asymmetry is essential for the vectorial transport of elec-
trolytes, glucose, amino acids, and other nutrients from the 
choroidal vasculature to the subretinal space and fluid and 
photoreceptor metabolic byproducts in the opposite direc-
tion.2 Deficiencies in the function or polarity of RPE trans-
porters may cause defects in photoreceptor morphogenesis 
resulting in retinal degeneration and blindness.1,2,14

The metabolic activity of photoreceptors and the neural ret-
ina generate large amounts of water and lactate requiring the 
transport activities of RPE cells to regulate the composition 
and pH of the subretinal space; this is essential for the function 
and survival of photoreceptors. Transport of water by the RPE 
generates a negative pressure in the subretinal space that is 
necessary for RPE adhesion to the neural retina.2,10 Transport 
of fluid is secondary to ion transport processes. The apical Na/
K-ATPase pumps Na+ toward the subretinal space generating 

a Na+-gradient that facilitates the entrance of Cl− and K+ by 
a bumetanide-sensitive (NKCC) cotransporter in the apical 
plasma membrane.15-18 Intracellular Cl− and Na+ concen-
trations are also regulated by bicarbonate exchangers which, 
together with lactate transporters MCT1 and MCT3, regulate 
subretinal and intracellular pH.2 Accumulation of Cl− results 
in a high intracellular concentration of ~60 mM that, coupled 
to the favorable trans-membrane electric potential across the 
basolateral PM, promotes exit of Cl− toward the choroidal 
space, with K+ as a counter-ion.19 Transporters mediating K+ 
and Cl− exit toward the choroid remain poorly characterized.

One of the candidates to perform this function is chloride 
channel protein 2 (CLCN2 aka CLC-2). CLC-2 is a ubiquitous 
voltage-gated chloride channel, particularly abundant in epi-
thelial tissues,20-22 which is believed to mediate trans-epithelial 
Cl− transport processes at the basolateral membrane of intes-
tinal cells in response to cell swelling and extracellular acidi-
fication.23,24 The knockout of CLC-2 in mice causes blindness 
by retinal degeneration and male sterility.25,26 These findings 
are consistent with its expression in blood-tissue epithelial bar-
riers, that is, RPE in retina and Sertoli cells in testis.2,24,25 In 
epithelial cells from rat or mouse colon and small intestines, 
CLC-2 has been shown to localize to the lateral plasma mem-
brane.23,26 Our laboratory has shown that, in the polarized kid-
ney epithelial cell line MDCK, CLC-2 localizes basolaterally, 
which is mediated by the clathrin adaptor AP-1.27 Based on 
physiological experiments, CLC-2 has been suggested to func-
tion on the basolateral membrane of RPE cells, where it would 
contribute to vectoral fluid transport from the subretinal space 
to the underlying choroid.2,28 However, this localization has 
not been studied by immunolocalization techniques, because 
of the lack of appropriate CLC-2 antibodies.

In this report, we show that tissue-specific reconstitution 
of CLC-2 into the RPE of CLC-2 KO mice prevents RPE 
and photoreceptor cell death. Surprisingly, we identified the 
restricted localization of CLC-2 protein to the apical plasma 
membrane in the mouse RPE monolayer. Our results suggest 
a key role of CLC-2 in regulating the subretinal environment 
of RPE and photoreceptors that is vital for the maintenance 
and survival of both cell types.
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2  |   MATERIALS AND METHODS

2.1  |  Generation of CLC-2 knockout mice 
and PCR genotyping

CLC-2-deficient mice were kindly provided by James 
Melvin.29,30 Homozygous knockouts were viable and de-
veloped normally as previously described.25,26,29,30 For our 
study, heterozygous knockouts were crossed to obtain ho-
mozygous mutant mice, as well as heterozygous knockout 
and wild type mice as control animals. We confirmed the 
correct deletion of CLC-2 by PCR genotyping strategy to 
distinguish between wild type, heterozygous and homozy-
gous knockouts. Genomic DNA was isolated from mouse 
tails using Qiagen Kit (#69506) and genotyping PCR was 
performed using the following 5′end-primer set: Neo-KO-F: 
CCTGGAAGGTGCCACTCCCACTGTCC; CLC-2-KO-F: 
ATGTATGGCCGGTACACTGAGGGACTC; CLC-2-
KO-R: ACACCCAGGTCCCTGCCCCAATCTGG. PCR 
yields an amplicon of 190 bp for wild type allele and 300 bp for 
mutant allele. We confirmed the lack of rd1 and rd8 mutations 
as previously described.31,32 To visualize the photoreceptor 
primary cilium, we cross-bred CLC-2−/− mice with transgenic 
Centrin2GFP (Cetn2GFP) and Arl13bmCherry (Arl13bmCh) (JAX, 
027967) labeling centrioles/transition zone and the outer seg-
ment, respectively. Mouse work was performed in accordance 
with procedures approved by the Institutional Animal Care and 
Use Committees of Weill Cornell Medical College (registry 
#2010-0086). Mice were kept under a 12/12-h light/dark cycle.

2.2  |  Antibodies

The following primary antibodies were used: mouse anti-HA 
(1:500, MMS-101P, Covance, Princeton, NJ); rabbit anti-
MCT1 YZ4715 (0.86 mg/mL; 1:500); rabbit anti-ZO-1 (1:500; 
Invitrogen, 61-7300); mouse anti-GP135 (1:500, Sigma, 
MABS1327); mouse anti-ezrin (1:250; 3C12 Sigma, E08897); 
CF488A-conjugated anti-Phalloidin (1:250; Biotium, 00042). 
Bound primary antibodies were visualized with appropriate 
secondary antibodies conjugated with Alexa Fluor 488, 568 or 
647 (1:1000; Invitrogen, Life Technologies) and nuclei were 
stained with 10 μg/mL Hoechst (Thermo Fisher Scientific, 
H3569).

2.3  |  Retinal cross-sections and 
immunofluorescence

Retinal cross-sections were prepared as previously de-
scribed.33,34 Mouse eyecups were placed in 4% paraformal-
dehyde in PBS for 2 hours at room temperature (RT). After 

fixation, eyecups were rinsed in PBS and embedded in 7% 
low-melt agarose (A3038; Sigma Aldrich). The agarose-
embedded eyecups were Vibratome sectioned into 100 µm-
thick slices (VT1200S; Leica), which were then blocked in 
PBS containing 5% goat serum and 0.5 % Triton X-100 for 
1 hours at RT. The sections were incubated with primary an-
tibodies overnight at 4°C, washed three times in PBS for 10 
minutes each, and incubated for 2 hours at RT with appropri-
ate secondary antibodies. Stained slices were washed three 
times in PBS for 10 minutes each, mounted onto slides in 
Fluoromount G (Electron Microscopy Sciences) and cover-
slipped. Images were taken with a confocal microscope 
(Eclipse 90i and A1 confocal scanner; Nikon) with a 60× ob-
jective (1.4 NA Plan Apochromat VC; Nikon) using Nikon 
NIS-Elements software. Image analysis and processing was 
performed with ImageJ and Nikon NIS-Elements software.

2.4  |  RPE flat mounts

RPE flat mounts were obtained by detaching the retina from 
the wholemounts, which were fixed and immunostained as 
retinal cross-sections (see above). To avoid artefactual re-
moval of the primary cilium, microvilli, and apical membrane 
of the RPE through peeling of the neural retina, mice were 
dark adapted overnight. For imaging, the RPE was placed 
up, facing the coverglass, when mounted on slides. Images 
were taken with a Zeiss Cell Observer SD confocal with a 
Yokagawa CSU-X1 spinning disk, using a Plan-Apochromat 
20×/0.8 air objective or 63×/1.4 M27 oil-immersion ob-
jective. Images were generated using either Zeiss software 
Zen2.6 (Carl Zeiss Micro Imaging, LLC, Thornwood, NJ) 
or ImageJ.

2.5  |  Histology and transmission 
electron microscopy

Mice were deeply anesthetized transcardially perfused with 
2% paraformaldehyde and 2% glutaraldehyde in 0.05% cal-
cium chloride in 50 mM MOPS (pH 7.4).35 The eyes were 
enucleated and fixed for an additional 2 hours in the same 
buffer at RT. For thin plastic retinal sections, eyecups were 
cut in half through the optic nerve and embedded in Spurr’s 
resin (Electron Microscopy Sciences). For light microscopy, 
500 nm thin retinal cross sections were cut and stained with 
methylene blue, as described in.34,36 For electron micros-
copy, 70 nm thin sections were cut, placed on copper grids, 
and counterstained with 2% uranyl acetate and 3.5% lead 
citrate (19314; Ted Pella). The samples were imaged on a 
JEM-1400 electron microscope (JEOL) with a digital camera 
(Orius, Gatan).
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2.6  |  Lentivirus generation and transduction

Wild type form of CLC-2-HA27 was cloned into AgeI and 
SalI restriction sites of pCCL-PGK-GFP lentiviral vec-
tor (pRRLSIN.cPPT.PGK-GFP.WPRE; Addgene; Plasmid 
#12252) replacing GFP, and then human Best1 promotor 
(−588 to +58)37 was cloned into XhoI and AgeI replacing 
PGK promotor. Lentivirus was generated as previously de-
scribed.27,38 Briefly, 3x106 HEK293T cells in DMEM with 
10% FBS were transfected with third generation lentivirus 
(10 µg viral backbone, 3 µg VSV-G, 5 µg RRE, and 2.5 µg 
REV) and viral supernatant was concentrated 100-fold with 
Lenti-X Concentrator (Clontech #631231) following the 
manufacturer’s instructions. A viral titer of 14 × 106 RNA 
copies/µL of concentrated lentivirus was determined and 
aliquots were stored at −80°C for immediate use. For CLC-
2−/− rescue study, lentivirus was subretinally injected shortly 
after eye opening as previously described in39 and eyes were 
harvested at 6-8 weeks post-injection for imaging.

2.7  |  Electroretinogram

Animals were dark-adapted overnight, and anesthesia was 
subsequently delivered in the amount of ~20/2 mg/kg ket-
amine/xylazine solution per hour. Anesthetized animals 
were placed on a stage with a heater to keep the appropri-
ate body temperature. The pupils were then dilated with one 
drop per eye of 1% Cyclopentolate/2.5% Phenylephrine so-
lution and one drop of Gonak (Akorn) applied along with 
careful placement of the gold wire corneal electrodes. Light 
flashes or constant illumination of various durations and in-
tensities were delivered to the anesthetized animals to evoke 
ERGs (Ganzfeld ColorDome Diagnosys LLC). For scotopic 
ERGs, single-flash scotopic responses were recorded at vari-
ous stimulus intensities of −6.91 log cds·m−2 to 3.00 log 
cds·m−2. For photopic ERGs, the mice were light-adapted 
under background light of 1.48 log cds·m−2 for approxi-
mately 5-10 minutes. Single-flash photopic responses were 
recorded at stimulus intensities of 0.00 log cds·m−2 to 3.40 
log cds·m−2. In these experiments both eyes were subject of 
light conditioning ERG recordings simultaneously. Recorded 
ERG traces were analyzed with software Diagnosis Espion 
and Prism.

3  |   RESULTS

3.1  |  Loss of CLC-2 causes fast progression 
of retinal degeneration

Previous studies reported that in CLC-2 KO mice photore-
ceptors degenerate rapidly after eye opening and mice are 

blind in early adulthood.25,29,30 To document the alterations 
in retinal structure caused by absence of CLC-2, we analyzed 
retinal cross-sections from heterozygous controls (CLC-2+/−) 
and homozygous knockout animals (CLC-2−/−) at P2, P7, 
P14 and one month (1M) of age (Figure 1A,B). In knockout 
(CLC-2−/−) mice, photoreceptors start to degenerate between 
P7 and P14, and the degeneration is complete by 1M of age, 
with nearly complete loss of outer segments, inner segments, 
and only sparse remnants of the outer nuclear layer by 1M, 
indicating that CLC-2 is important for retinal structure and 
photoreceptor survival.

Interestingly, ultrastructural analysis of the outer segments 
in mutant CLC-2−/− mice (Figure 1C,D) show that, at P14, 
disc membranes are formed at the base of the developing rods 
and cones, allowing them to moderately see at early age, albeit 
they have a loss of vision by 1M.26 Therefore, we conclude that 
CLC-2 is not required for early photoreceptor development, in 
particular photoreceptor ciliogenesis and the formation of the 
nascent outer segment. However, distal outer segment discs 
appear severely disorganized and malformed at P14, which 
is two days after eye-opening, and disc-like structures almost 
completely disappear at 1M of age (Figure 1D). In contrast, in 
CLC-2+/− mice, outer segments develop normally, and discs 
are well organized (Figure 1C). Parallel experiments (data not 
shown) show that retinal degeneration is only observed in ho-
mozygote (CLC-2−/−), but not in heterozygote (CLC-2+/−) and 
wild type mice. Hence, for the experiments presented in this 
manuscript, we used CLC-2+/− mice as controls.

3.2  |  RPE loss in CLC-2 knockout mice

It has been proposed that the fast-progressing retinal de-
generation of the photoreceptors is secondarily caused by a 
change in the mouse RPE monolayer.25,26,30,40 Therefore, we 
investigated the post-natal development of the apical pole 
of RPE cells in CLC-2+/− and CLC-2−/− mice by localizing 
in RPE flat mounts the tight-junction marker ZO-1 (Figure 
2A-D) and the microvilli marker F-actin (Figure 2E-H) at 
different ages. At P2, tight-junctions and microvilli staining 
were comparable in both genotypes (Figure 2A,E). At P7, 
microvilli appeared undeveloped and disrupted in CLC-2 de-
ficient mice, relative to control mice (Figure 2H), whereas 
tight-junctions are intact in both (Figure 2B). We observed 
more severe alterations of the apical pole of RPE cells start-
ing at P14. In particular, ZO-1 was found in small intracel-
lular vesicles at P14 (Figure 2C, right panel, arrowheads) and 
accumulated at branch points at 1M of age (Figure 2D, right 
panel, asterisks). In addition, F-actin-labelled microvilli ap-
pear highly disorganized or absent in homozygous knockouts 
at P14 and 1M of age (Figure 2G,H). Together, our data sug-
gest a functional role of CLC-2 in the postnatal development 
and maintenance of the apical pole of mouse RPE cells.
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F I G U R E  1   Loss of CLC-2 causes fast progress of retinal degeneration. A,B, Retinal cross-sections from tissue of CLC-2+/− (A) and CLC-2−/− 
mice (B) were processed for optical microscopy at P2, P7, P14, and 1M of age. The early loss of photoreceptors is reflected by progressive thinning 
of the outer nuclear layer (ONL) between P7 and P14 and the degeneration is complete at 1M of age. Scale bar: 20 µm. C,D, Electron microscopic 
analysis of the photoreceptors in CLC-2−/− mice shows that outer segments (OS) are formed, however distal OS discs are severely disorganized at 
P14 and 1M of age (D) in comparison to well-structured OS in control mice (C)
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3.3  |  Localization of the apical RPE marker 
MCT1 is disrupted in CLC-2 knockout mice

To further investigate changes in the apical pole of RPE cells 
in CLC-2 knockout mice, we examined the distribution of the 
apical marker, monocarboxylate transporter 1 (MCT1) in ret-
inal cross-sections and RPE flat mounts obtained from CLC-
2+/− and CLC-2−/− mice at P7, P14 and 1M of age (Figure 3). 
In retinal cross-sections from P7 and P14 control mice, MCT1 
staining appeared as a thin band, corresponding to nascent 
RPE microvilli, directly opposed to developing photorecep-
tor outer segments stained with the ciliary marker Arl13bmCh 
(Figure 3A,B). In 1M-old mice, the MCT1 band appeared 
thicker, consistent with the existence of mature, apical micro-
villi at this time (Figure 3C). In homozygous CLC-2 knock-
outs, a relatively normal thickness of photoreceptor outer 
segment layer was observed at P7, whereas MCT1 staining 
appeared thinner than in control cells (Figure 3D), in agree-
ment with the decreased staining of microvilli actin-staining 
of microvilli observed at this age (Figure 2). In P14 and 1M-
old retinas, the layer of photoreceptor outer segments had 
rapidly degenerated (P14) and practically disappeared (1M): 

at these times the band of MCT1 staining was much thinner 
than in control retinas (Figure 3E,F). In en face views of RPE 
flat mounts, MCT1 appeared quite homogeneously distrib-
uted in the apical pole of control CLC-2+/− mice at P7 (with 
cell outlines visible), more homogeneously distributed at P14 
(with cell outlines lost) and diffusely distributed at 1M of 
age, with some disruptions probably caused by the mechani-
cal removal of the RPE monolayer during preparation of the 
flat mount at a time when adhesion between RPE and neural 
retina is maximal (Figure 3G). In contrast, MCT1-staining 
in CLC-2−/− mice appeared progressively disrupted (Figure 
3H); additional co-staining of RPE flat mounts with the api-
cal marker GP135 (aka podocalyxin) confirmed the disrup-
tion of the apical membrane surface at P7 and 1M of age 
(Supplemental Figure S1). Parallel co-staining of the apical 
microvilli marker ezrin demonstrated a similar disruption of 
its apical localization as observed for MCT1 in the develop-
ing retina (Figure 3I,J). Taken together, the phenotypic char-
acterization of CLC-2 knockout mice in early adulthood is 
consistent with a developmental disruption of the apical pole 
of RPE cells (Figures 2 and 3) that correlates in time with a 
rapid degeneration of the photoreceptors (Figure 1).

F I G U R E  2   RPE loss in CLC-2 knockout mice. RPE flat mounts from heterozygous (left panels) and homozygous (right panels) knockout 
animals were stained with tight-junction marker ZO-1 (A-D) and microvilli marker F-actin (E-H) at P2, P7, P14, and 1M of age. In absence of 
CLC-2, ZO-1 concentrates in intracellular vesicles at P14 (E, right panel, arrow heads) and accumulates at RPE branch points at one month (F, right 
panel, asterisks). F-actin-labelled microvilli appear disrupted as early as P7 (F-H, right panels). Scale bar: 10 µm
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3.4  |  Ultrastructural analysis of the 
disrupted interaction between RPE and 
photoreceptors in the CLC-2−/− retina

In order to characterize at higher resolution, the disruption of 
the apical pole of RPE cells and photoreceptor outer segments, 
we performed ultrastructural analysis of this interaction at 
P14 (Figure 4). Control heterozygous CLC-2+/− retinas dis-
played elongated RPE microvilli surrounding photoreceptor 
outer segments loaded with parallel discs and melanosomes 
localized on the apical half of the RPE cytoplasm (Figure 4A-
C). In contrast, homozygous knockouts displayed RPE cells 
with highly disrupted microvilli and melanosomes all over 
the cytoplasm; neighboring photoreceptors were malformed 
with the distal tips lacking well organized discs (Figure 4D-
H). Furthermore, the basal infoldings and the underlying 
Bruch’s membrane also presented as less developed and mal-
formed (Figure 4D-H). The very disorganized appearance of 
the apical pole of RPE cells and photoreceptor tips suggests 
that the normal interaction between these two cells is highly 
disrupted, which is consistent with a role of CLC-2 in the 
maintenance of a normal subretinal space, necessary for the 
correct morphogenesis and survival of these two retinal cells.

3.5  |  RPE-specific expression with 
hBest1promoterCLC-2-HA in CLC-2 knockouts

To investigate whether the retinal degeneration is indeed 
caused by the deletion of CLC-2 in the RPE monolayer, we 
generated lentivirus expressing CLC-2 tagged with hemag-
glutinin (HA) under the control of the RPE-specific promotor 
human-bestrophin1 (hBest1promoter) and delivered the virus 
via subretinal injections in CLC-2+/− and CLC-2−/− mice 
shortly after eye-opening. Bestrophin-1 is an RPE-specific 
Ca++-activated Cl− channel.41 Expression of CLC-2 under 
these conditions was restricted to RPE cells.37 At 6-8 weeks 
post-injection, we collected RPE flat mounts and analyzed 
the expression of HA-tagged CLC-2 protein (CLC-2-HA) in 
lentivirus-transduced (LV+) heterozygous controls and ho-
mozygous knockouts (Figure 5A-D). We found that CLC-
2-HA is expressed in ~60 to 70% of RPE cells throughout 
the entire RPE flat mounts (Figure 5C,D) and is absent in 
untransduced control animals (Figure 5A,B).

To examine the localization of CLC-2 in RPE cells, cross-
sections of CLC-2+/− retinas transduced with CLC-2-HA were 
decorated for immunofluorescence with anti-HA (Figure 5E) 
and anti-MCT1 (Figure 5F) antibodies. Strikingly, CLC-2 
localization (Figure 5E) was matched that observed for the 
apical RPE marker MCT1 (Figure 5F), suggesting that CLC-
2-HA is restricted to the apical surface of RPE cells. This 
result is unexpected as physiological data has suggested that 

CLC-2 participates in the transport of Cl− at the basolateral 
membrane.2 The apical localization of CLC-2 strongly sug-
gests an important role of CLC-2 in the homeostasis of the 
subretinal space, necessary for developmental morphogene-
sis and survival of RPE, and photoreceptors.

3.6  |  Expression of CLC-2-HA 
in RPE cells prevents photoreceptor 
degeneration and rescues the normal 
distribution and morphology of apical MCT1 
in RPE cells

We analyzed the retinal histology of lentivirus-transduced 
eyes to test whether the RPE-specific expression of CLC-
2-HA rescues photoreceptor degeneration in CLC-2−/− mice 
(Figure 6). Plastic sections of untransduced heterozygote 
(CLC-2+/−), untransduced homozygote (CLC-2−/−), and 
transduced homozygote (Clc2−/−; CLC-2-HA LV+) were 
stained with methylene blue and analyzed by regular his-
tology. Control (CLC-2+/−) retinas displayed the normal 
structure of the retina with 10-12 nuclear layers in ONL 
and normal photoreceptor inner and outer segments (Figure 
6A). In contrast, KO (CLC-2−/−) mice completely lacked 
ONL and photoreceptor outer/inner segments (Figure 6B). 
Strikingly, KO (CLC-2−/−) retinas transduced with CLC-
2-HA displayed more normal photoreceptors, with ONL 
consisting of 4-6 nuclear layers and well developed, albeit 
shorter, outer/inner segments (Figure 6C). From the number 
of nuclear layers recovered it may be estimated that 50-60% 
of the photoreceptors were rescued. Transduction with empty 
lentivirus did not prevent the degeneration of the photorecep-
tors and lack ONL and photoreceptor outer/inner segments 
as seen in untransduced homozygote animals (Supplemental 
Figure S2). This rescue experiment strongly suggests that the 
loss of photoreceptors in CLC-2−/− mice is primarily caused 
by an alteration in the RPE function caused by the absence 
of CLC-2.

To characterize the recovery of rescued CLC-2 KO eyes, we 
analyzed the RPE morphology and the localization of the api-
cal marker MCT1. To this end, the hBest1promoterCLC-2-HA 
transduced (at P14) heterozygous and homozygous knockout 
mice, aged to 2M, were used to prepare RPE flat mounts by 
mechanical detachment from neural retinas and co-labelled 
them with anti-MCT1 and anti-HA antibodies (Figure 6D-I). 
In presence of endogenous CLC-2, MCT1 displays a normal 
localization with a diffuse apical staining pattern, consistent 
with long and well-developed microvilli (Figure 6D: xz-view 
and G). In CLC-2 KO mice aged 2M, MCT1 has a very al-
tered distribution pattern, with little MCT1 protein display-
ing an apical staining pattern (Figure 6E: xz-view and H). 
Remarkably, the expression of exogenous CLC-2 protein in 



8 of 15  |      HANKE-GOGOKHIA et al.

CLC-2−/− mice restores an apical staining pattern of MCT1 
(Figure 6F: xz-view and I, lower panel), similar to that ob-
served for untransduced heterozygous controls (Figure 6G, 

lower panel). Interestingly, individual RPE cells show various 
expression levels of CLC-2-HA with some of them lacking 
CLC-2: however all RPE cells recover apical staining pattern 
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F I G U R E  3   Apical localization of MCT1 is disrupted in CLC-2 knockout mice. A-F, Retinal cross-section from CLC-2+/−; Arl13bmCh (A, 
B and C) and CLC-2−/−; Arl13bmCh (D, E and F) mice were labelled with anti-MCT1 antibody (green) at P7, P14 and 1M of age. The transgenic 
expression of ARL13b-mCherry (Arl13bmCh) labels the photoreceptor primary cilium. The disruption of the apical localization of MCT1 (green, 
enlargements) in homozygous knockouts causes OS shortening at P7 (D) and the photoreceptors degenerate rapidly between P14 (E) and one 
month (F). In contrast, MCT1 is strongly expressed in apical RPE microvilli in CLC-2+/−; Arl13bmCh mice (D-F): MCT1 appears as a thin band at 
P7 (A) and largely localizes to apical RPE microvilli at P14 (B) and 1M of age (C). Scale bar: 20 µm. G-J, RPE flat mounts from CLC-2+/− (G and 
I) and CLC-2−/− (H and J) mice were labelled with microvilli markers MCT1 (G-J) and ezrin (I and J) at P7, P14, and 1M of age. The loss of CLC-
2 disrupts the apical localization of MCT1 in RPE cells (H) and parallel staining with ezrin confirms the disruption of the apical membrane surface 
(J) compared to controls. Scale bar: 20 µm G-H; 5 µm I-J

F I G U R E  4   Ultrastructural analysis of CLC-2 knockout retinas. The connection between the photoreceptors and the RPE monolayer was 
analyzed at ultrastructural level at P14. In CLC-2+/− retinas (A-C), OS are well-organized, microvilli surround the distal disc membranes and RPE, 
including the Bruch’s membrane (BM) and melanosomes, appear normal. CLC-2−/− photoreceptors are normally-stacked near the inner segment 
(D and E), however become largely disorganized distally with membrane material accumulating more disorderly close to the RPE (Di, Ei and Eii). 
In CLC-2−/− RPE cells, microvilli are disrupted, basal infoldings are less pronounced, and the BM appears thinner and melanosomes are all over the 
cytoplasm (Dii, F-H)
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of MCT1 (Figure 6I). The more clearly delineated cell shapes 
observed for MCT1-stained, recovered RPE cells probably 
corresponds to the expression of shorter microvilli in these 
cells relative to control heterozygote cells (see Figure 3G).

Next, we characterized functionally the rescued CLC-2 KO 
eyes by electroretinography (Figure 7). Scotopic and photopic 
ERG in control heterozygote retinas detected characteristic A- 
and B-waves under dark and daylight conditions (Figure 7A,D) 

F I G U R E  5   Lentiviral expression of 
hBest1promoterCLC-2-HA. A-D, RPE flat 
mounts from untransduced (control) and 
lentivirus (LV)-injected eyes (LV+) were 
labelled with anti-HA antibody (A-D). 
CLC-2+/− (A and C) and CLC-2−/− RPE 
flat mounts (B and D) show expression 
of hBest1promoterCLC-2-HA (green) in 
transduced eyes (C and D, white arrows 
indicate injection side), whereas HA-
specific staining is absent in untransduced 
controls (A and B). Scale bar: 500 µm. 
E-F, Retinal cross-sections from LV-
injected retinas (E and F) show specific 
localization of hBest1promoterCLC-2-HA (E) 
on the apical pole of RPE cells, a similar 
localization pattern as the apical membrane 
protein MCT1 (F). Transgenic expression 
of Cetn2GFP visualizes the photoreceptor 
transition zone, which is used as reference 
for orientation in the outer retina. Scale bar: 
20 µm
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F I G U R E  6   hBest1promoterCLC-2-HA reduces the severity of photoreceptor degeneration and rescues apical localization of MCT1. Retinal 
cross-sections from untransduced heterozygous control (A) and untransduced homozygous knockouts (B) show 10-12 nuclei layers in the ONL are 
present in control retinas (A, red indicates photoreceptor layer and green the inner nuclear layer) versus the ONL in CLC-2−/− mice is degenerated 
(B, red arrows indicate single photoreceptor nuclei and green the INL). In untransduced RPE flat mounts, MCT1 shows apical staining-pattern 
in CLC-2+/− mice (D: xz-view and G), whereas it is largely disrupted in CLC-2−/− mice (E: xz-view and H). Lentivirus was subretinally injected 
at eye opening (P12) in knockout animals and tissue was harvested at 2M of age. The expression of CLC-2 under the control of RPE-specific 
Bestrophin-1 promotor (hBest1promoter) rescues the retinal degeneration and sustained photoreceptors in mutant mice (C, thickness of the 
photoreceptor layer, including the OS, is highlighted in red); n = 3. Remarkably, the treatment with LV-expressing CLC-2 protein in homozygous 
knockouts rescues the apical MCT1 staining-pattern in RPE cells (F: xz-view and I: lower panel), resembling the distribution pattern of CLC-2-HA 
at the apical membrane surface (I, middle panel); n = 3. Scale bar: 20 µm
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and a loss of practically all electric activity with a subtle re-
sponse to light at the brightest stimulation in homozygote KO 
mice (Figure 7B,E). In contrast, CLC-2 transduced homozygote 
KO mice display distinctive scotopic and photopic ERG traces 
with all but the dimmest light stimuli, an improvement from 
the untransduced CLC-2−/− mice (Figure 7C,F). The scotopic 
A-wave in transduced eyes is approximately equal in ampli-
tude to the photopic amplitudes (Figure 7C,F), while wild type 
mice typically have scotopic A-waves nearly tenfold greater 
with bright light stimulation (Figure 7A), indicating only a 
partial restoration of vision. To conclude, the RPE-specific re-
expression of CLC-2 partially restores RPE and photoreceptor 
morphology, allowing mutant mice to maintain a distinct but 
reduced level of visual function after rescue.

4  |   DISCUSSION

Previous work has demonstrated that basolateral sorting sig-
nals of various basolateral proteins, such as MCT3/MCT4, 

operate differently in MDCK and RPE cells.42,13 In MDCK 
cells and intestinal cells, CLC-2 displays a basolateral distri-
bution, guided by well-defined basolateral signals that inter-
act with clathrin adaptor AP-1.27 In this report, we find that 
HA-tagged CLC-2 localizes to the apical surface of RPE cells 
in mouse retina. Experiments in human fetal RPE and ARPE-
19 cells further confirm the apical polarity of ClC-2 (Caceres 
et al, in preparation). The reversed polarity of surface proteins 
in RPE, relative to most other cell types, is a frequent obser-
vation not fully explained mechanistically yet. For example, 
Na⁺/K⁺-ATPase and MCT1 are apical in RPE cells, whereas 
they are targeted to the basolateral membrane in epithelia 
of the kidney and small intestine.13,43 In the case of Na⁺/K⁺-
ATPase, the change in localization appears to depend on the 
glycosylation of the beta subunit associated with the functional 
alpha subunit.44 In the case of MCT1, the change in locali-
zation from basolateral in kidney cells to apical in RPE cells 
depends on the lack of recognition of basolateral signals in 
basigin, the chaperone protein of MCT transporters.45 The sig-
nals that drive CLC-2 to the apical surface of RPE cells are still 

F I G U R E  7   ERG measurements in lentiviral-transduced and untransduced eyes in CLC-2−/− mice. Scotopic (A-C, n (het) = 6, n (KO) = 
8) and photopic ERGs (D-F, n (het) = 6, n KO) = 7) were measured after lentiviral injection at 6-8 weeks post injection. With light stimuli (see 
methods for more details), ERG traces, both in the dark and under light, presented a distinctive A-wave and B-wave signature after re-expression of 
HA-tagged CLC-2 in right eye of homozygous knockouts (CLC-2−/−; LV+) (C and E), whereas the untransduced control eye presents only a subtle 
signal at the brightest light stimulation (B and D). A and D show characteristic scotopic and photopic ERG traces from untransduced heterozygote 
controls. Dimmest to brightest stimuli coded as: green, orange, red, purple and brown. Red, orange, green, purple, brown
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unknown. It is possible, albeit unlikely, that the same signals 
that drive CLC-2 to the basolateral surface of intestinal and 
kidney cells, based on dileucine motifs, control its apical lo-
calization in RPE cells. It is also unlikely that the characteristic 
lack of clathrin adaptor AP-1B in RPE cells, which determines 
the change of basolateral to apical localization of Coxackie 
Adenovirus Receptor (CAR) in RPE cells, explains the apical 
localization of CLC-2 as its dileucine-based basolateral signals 
recognize both AP-1B (lacking in RPE cells) and AP-1A, pre-
sent in RPE cells. Further investigations are needed to explain 
the mechanisms involved in apical targeting of CLC-2 in RPE.

Knockout of CLC-2 disrupts the development of the outer 
retina but affects only slightly the development of the inner 
retina (Figure 1). CLC-2 is expressed in both photorecep-
tors and RPE, according to various databases. Hence, lack 
of CLC-2 might cause photoreceptor degeneration through 
intrinsic lethal effects of its lack of expression in photore-
ceptors. This does not seem the case, as RPE-specific trans-
duction of CLC-2 into RPE cells rescues retinal degeneration 
both structurally (Figure 6) and functionally (Figure 7). 
Furthermore, RPE-specific knockout of CLC-2 is sufficient 
to cause retinal degeneration, as recently demonstrated by a 
recent publication by Jentsch and coworkers that came out 
while this manuscript was in preparation.40 Our surprising 
finding that CLC-2 is expressed apically in RPE cells pro-
vides a possible explanation for these findings. The apical lo-
calization of CLC-2, in combination with the dramatic retinal 
degeneration caused by CLC-2 KO in RPE and the rescue of 
outer retina degeneration by RPE-specific CLC-2 transduc-
tion, suggest that apical CLC-2 performs a critical function 
necessary for the survival of both RPE and photoreceptors. 
As the composition of the subretinal needs to be kept within 
limits for the function and survival of photoreceptors, it is log-
ical to postulate that CLC-2 plays a key role in regulation of 
the normal ionic composition of the subretinal space. Given 
that CLC-2 is a chloride channel, it may be postulated that its 
main function is the regulation of the chloride composition 
of the subretinal space. Our reconstitution experiments show 
that RPE-specific CLC-2 expression in CLC-2−/− mouse 
RPE cells is sufficient to rescue the morphology of both pho-
toreceptors and RPE cells, even when only a fraction of RPE 
cells are infected and expresses CLC-2-HA. This provides 
additional support for the idea that apical CLC-2 in RPE cells 
is in charge of regulating the environment of both RPE and 
photoreceptors, rather than an intrinsic function of RPE cells 
where it is necessary for survival of each individual RPE cell.

In this study we show that in absence of CLC-2, the apical 
localization of MCT1 is drastically perturbed in RPE cells, 
however the MCT1 localization was restored after lentiviral 
re-expression of CLC-2 in the RPE monolayer. Studies in 
mice knocked-out for basigin, a chaperone for lactate trans-
porters, and other proteins, demonstrated that the consequent 
disruption in the targeting of MCT1 to the apical membrane 

compromised the energy level (eg, insufficient lactate trans-
port) in the outer retina, eventually leading to photoreceptor 
degeneration.11,46,47 Hence, changes in the apical localiza-
tion of MCT1 might contribute to the retinal degeneration 
observed in CLC-2 KO mice. Alternatively, the disrupted 
MCT1 localization may be a product of a general loss of RPE 
polarity, which is suggested by the abundant inclusions of 
ZO-1 at P14. ZO-1 inclusions are a hallmark of the loss of 
epithelial polarity.48,49 If the absence of CLC-2 impairs ion 
and metabolite composition of the subretinal fluid, this harsh 
microenvironment could trigger a complex reorganization of 
the RPE where MCT1 is simply one of many bystanders al-
tered in distribution.

As discussed in Introduction, current models for fluid 
transport in RPE cells postulate a critical role of chloride ions 
as a main driver of fluid transport. According to these models, 
chloride intake from the subretinal space is mediated by the 
cotransporter NKCC1, driven by Na+ gradients established 
by the energy dependent Na⁺/K⁺-ATPase.13,14,19 CLC-2 and/or 
other Cl− channels postulated to be localized to the basolateral 
membrane (eg, CFTR), are candidates to mediate Cl− efflux 
toward the choroidal circulation.15-18,20-23,30,50 Our finding that 
CLC-2 localizes preferentially to the apical membrane sug-
gests that it is not the basolateral channel for efflux of Cl− ions. 
The model for fluid transport needs to be modified to accom-
modate the expression of a Cl− channel at the apical surface.
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