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The CIC-2 chloride channel is expressed in the plasma
membrane of almost all mammalian cells. Mutations that cause
the loss of CIC-2 function lead to retinal and testicular
degeneration and leukodystrophy, whereas gain-of-function
mutations cause hyperaldosteronism. Leukodystrophy is also
observed with a loss of GlialCAM, a cell adhesion molecule that
binds to CIC-2 in glia. GlialCAM changes the localization of
CIC-2 and opens the channel by altering its gating. We now
used cell type—specific deletion of CIC-2 in mice to show that
retinal and testicular degeneration depend on a loss of CIC-2 in
retinal pigment epithelial cells and Sertoli cells, respectively,
whereas leukodystrophy was fully developed only when CIC-2
was disrupted in both astrocytes and oligodendrocytes. The
leukodystrophy of Glialcam™~ mice could not be rescued by
crosses with Clcn2°P'°P mice in which a mutation mimics the
“opening” of CIC-2 by GlialCAM. These data indicate that
GlialCAM-induced changes in biophysical properties of CIC-2
are irrelevant for GLIALCAM-related leukodystrophy. Taken
together, our findings suggest that the pathology caused by
Clcn2 disruption results from disturbed extracellular ion ho-
meostasis and identifies the cells involved in this process.

Chloride channels are molecularly very diverse. They can
reside in the plasma membrane or intracellular organelles and
perform a plethora of functions. These include transepithelial
transport, the modulation of cellular excitability, or the regu-
lation of both intracellular and extracellular ion concentrations
and of cell volume (1-3). Accordingly, both loss- and gain-of-
function mutations in diverse chloride channel genes, both in
humans and animal models, result in a large spectrum of
disease phenotypes. These in turn allow conclusions on the
physiological roles of individual channels.

CIC-2 (4) is a widely expressed member of the CLC gene
family of Cl” channels and 2Cl"/H" transporters (2) whose first
member, CIC-0, was cloned from electric fish (5). CIC-2 is
expressed at the plasma membrane where it mediates inwardly
rectifying Cl™ currents that are slowly activated by membrane
hyperpolarization (4, 6). CIC-2 can also be activated by cell
swelling (6), but, in contrast to volume-regulated LRRCS8/
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VRAC anion channels (3, 7, 8), appears to lack a prominent
role in cell volume regulation (2), although Bergmann glia
from Clcn2™'~ mice appeared swollen (9). Regions and residues
important for the slow opening of CIC-2 by hyperpolarization
or cell swelling have been mapped to the amino terminus of
CIC-2 (6) and an intracellular loop (10). Mutations in these
regions virtually abolish gating and result in large CI™ currents
with an almost ohmic behavior. Interestingly, coexpression
with the cell adhesion protein Glial CAM (also known as
HepaCAM), which can bind CIC-2 and localize it to cell-cell
contacts, similarly “opens” CIC-2 by changing its gating
(9, 11-13). However, the physiological role of this effect re-
mains unclear.

To elucidate the physiological roles of CIC-2 we previously
generated constitutive CIC-2 KO mice (Clen2™'~ mice) (14).
These mice display male infertility and blindness due to early
postnatal degeneration of the testes and retina, respectively
(14). They also slowly develop leukodystrophy (15) in which
vacuoles appear in the white matter. These symptoms were
reproduced in independently generated Clen2™'~ mice (16, 17)
and in Clcn2 mutant mice obtained in a chemical mutagenesis
screen (18). Several years later, homozygous CLCN2 loss-of-
function mutations were identified in patients with leukodys-
trophy, in some cases accompanied by visual problems (19-22)
or azoospermia-related infertility (23). Of note, mutations in
GLIALCAM cause a related form of leukodystrophy (mega-
lencephalic leukoencephalopathy with subcortical cysts, MLC)
(24). MLC can also be caused by mutations in MLCI1, which
encodes a membrane protein of unknown function (25).
MLC1, GlialCAM, and CIC-2 apparently form ternary com-
plexes in glial membranes. Loss of either Glial CAM or MLC1
altered localization and decreased CIC-2 expression levels in
glia (9), suggesting a loss of CIC-2 function as a common factor
in MLC, but it had remained unclear whether the loss of CIC-2
“opening” by GlialCAM contributes to the pathology. To
explain the degenerative phenotypes in testis, retina, and brain,
we have speculated that CIC-2 regulates the extracellular ion
homeostasis in the clefts between cells (9, 14, 15).

Genetic analysis of patients with hyperaldosteronism
(26, 27) recently revealed CLCN2 missense mutations in re-
gions known to affect CIC-2 gating (6, 10). By opening
the CIC-2 “gate”, these human mutations drastically increase
CIC-2 CI” currents (27, 28). We generated knockin mice
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(Clcn2°®’°P) in which an N-terminal deletion, based on our
previous structure-function analysis (6), opens CIC-2 to a
similar degree as aldosteronism-associated human mutations
(28). Adrenal zona glomerulosa cells of Clcn2°®’°P mice are
strongly depolarized by large CI” currents, resulting in
increased Ca®*-influx and stimulation of aldosterone synthesis
(28). These Clcn2°P’°P mice can now be used to explore effects
of markedly increased CI™ currents in other cells and tissues.

To better understand the mechanisms underlying CIC-2-
related disease, we used novel mouse models to genetically
identify the cell types that are critically involved in the path-
ogenesis. Targeted deletion of CIC-2 in Sertoli or retinal
pigment epithelial cells revealed that lack of CIC-2 in those
cells is responsible for the loss of germ cells and photorecep-
tors, respectively. Specific Clcn2 disruption in astrocytes or
oligodendrocytes produced no or only mild leukodystrophy,
respectively, whereas the full extent of Clcn2-related leuko-
dystrophy was reproduced by combined disruption in both cell
types. Finally, the leukodystrophy of Glialcam™~ mice could
not be rescued by crosses with Clen2°P°P mice, showing that
the lack of opening of CIC-2 by Glial CAM plays no significant
role in the pathology of Glialcam™~ mice. Our work bolsters
the notion that CIC-2 is crucial for extracellular ion homeo-
stasis in various tissues and identifies the cell types responsible
for that regulation.

Results
Generation of conditional Clcn2 knockout mice

Conditional Clcn2'°'* mice were generated by homolo-
gous recombination in embryonic stem cells. Exons 2 and 3 of
the mouse Clcn2 gene were flanked with loxP sites (Fig. S1, A
and B). Excision of these exons by the Cre recombinase is
expected to result in a frameshift and termination of protein
synthesis by an early stop codon that occurs before the first
transmembrane domain. Western blots of brain lysates
revealed that Clen2'®/'% mice expressed normal amounts of
CIC-2 protein (Fig. S1C). When crossed with deleter mice that
express the Cre-recombinase in all tissues (29), the brain had
lost detectable CIC-2 immunoreactivity just like brain from
Clen2”~ mice (Fig. S1C). After this validation, Clen2'°¥/1
mice were used with various cell type—specific Cre lines to
identify the cell types causally related to the various degener-
ative phenotypes of Clen2™'™ mice (14).

Loss of CIC-2 in Sertoli, but not germ cells underlies
azoospermia of Clen2™~ mice

Male Clcn2™'~ mice are infertile owing to early postnatal
testicular degeneration and the ensuing azoospermia (14).
Infertility associated with azoospermia has also been found in a
male patient with subclinical CLCN2-related leukodystrophy
(23). In Clcn2™'~ mice, seminiferous tubules fail to develop
normal lumina and germ cells do not complete meiosis.
Eventually, germ cells of all stages are lost, resulting in a Sertoli
cell-only phenotype (14). Based on the immunohistochemical
detection of CIC-2 in Sertoli cells, and their abnormal
morphology in Clcn2”’~ mice, we hypothesized that the
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azoospermia was due to a loss of CIC-2 in Sertoli cells that
normally provide vital support to germ cells (14). Considering
the nearly ubiquitous expression pattern of CIC-2, other pos-
sibilities could not be excluded, however.

We now crossed Clen2°'°* mice with AMH-Cre mice (30)
to create Sertoli cell-specific Clcn2 KO mice (named SC-AC2
mice), and with Stra8-Cre (31) to generate germ cell-specific
GC-AC2 KO mice. In Western blot analysis of membrane
proteins from whole testes CIC-2 protein levels appeared
somewhat more reduced in GC-AC2 than in SC-AC2 testes
(Fig. 1A, Fig. S2A). The apparent discrepancy to immunofluo-
rescence, which detects CIC-2 in Sertoli, but not germ cells (14)
(Fig. 1B), might be explained by the easily detectable, patchy
expression of CIC-2 in Sertoli cells. Confirming the Sertoli cell—
specific deletion of Clcn2, these CIC-2-positive patches were no
longer visible in SC-AC2 testis, whereas CIC-2 could still be
detected in cells outside the tubules (Fig. 1B).

In adult SC-AC2 mice, testes and epididymis were signifi-
cantly smaller than in the WT (Fig. 1C), closely resembling
the corresponding phenotype of Clcn2™'~ mice (14). Accord-
ingly, the weight of both tissues was markedly reduced
(Fig. 1D). The reduced weight of SC-AC2 epididymis might
result from the absence of germ cells in adult SC-AC2 mice
(Fig. 1E). The time course of testicular degeneration was
examined by hematoxylin and eosin staining (Fig. 1E). Similar
to Clen2™™ mice, testicular degeneration of SC-AC2 mice
started at an age of 2 weeks: cells of the tubular lumen were
disorganized, with many cells found in the center of the
seminiferous tubule rather than being close to its inner walls as
in control Clcn2'** mice. In 3-week-old SC-AC2 mice,
clusters of degenerating cells could be observed in some
tubules, which were, however, mainly filled with Sertoli cells.
Such clusters of degenerating cells had almost disappeared in
SC-AC2 mice at 4 weeks of age, a time point at which the
tubules of control mice were filled with germ cells of different
developmental stages. Eventually, adult SC-AC2 mice dis-
played a Sertoli cell-only syndrome. They were unable to
produce offspring during their entire lifespan. By contrast, GC-
AC2 mice showed no signs of testicular degeneration (Fig. 1E)
and were fertile. Hence, CIC-2 appears to be dispensable in
germ cells but is essential for the role of Sertoli cells in
maintaining normal spermatogenesis.

CIC-2 is needed in retinal pigment epithelium to maintain
integrity of photoreceptors

Clen2™'~ mice are blind because of an early loss of photo-
receptors, which is already visible at postnatal day 14 (P14)
(14, 18). Although Clcn2 is expressed both in the retinal
pigment epithelium (RPE) and in all layers of the neuronal
retina, we speculated that photoreceptors degenerate because
of a lack of support from the RPE (14).

To test this hypothesis, we now crossed Clen2'°% mice
with Trp1l-Cre mice (32) to generate RPE-AC2 mice that lack
CIC-2 specifically in the RPE. These mice displayed retinal
degeneration that closely resembled that of Clcn2™'~ mice
(Fig. 2). In 2-week-old mice, the outer nuclear layer and the
photoreceptor layer (Fig. 2) appeared disorganized in both
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Figure 1. Sertoli cell-specific Clcn2 disruption causes testicular degeneration in mice. A, Western blot analysis of CIC-2 of membrane fractions isolated
from complete testis of adult Clen2'°'%* GC-AC2 (germ cell-specific Clcn2 knockout), Clen2”” and SC-AC2 mice. Equal amounts of protein, as determined by
BCA assay, were loaded. This blot is representative for at least two independent experiments. B, upper row, testis cryosections of adult Clen2'°/1°% sC-AC2
(Sertoli cell-specific Clcn2 knockout), and Clen2”” mice immunolabeled for CIC-2 (red) and costained with peanut agglutinin (green), a marker for acrosomes
of spermatozoa (82). DNA in nuclei was stained with DAPI (blue). Dashed lines indicate the outer limit of the seminiferous tubules. Lower row, pictures as in
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RPE-AC2 and Clcn2™'™ mice. At 4 weeks of age, all retinal
layers were thinner in either mouse model. However, at this
age photoreceptors of Clcn2”~ mice were completely lost,
whereas residual parts of the photoreceptor layer could still be
detected in RPE-AC2 mice. This difference might be due to a
mosaic-like expression pattern of the Cre-recombinase in
Trpl-Cre mice (33), which presumably spared some RPE cells
from Clcn2 ablation. In adult mice, the photoreceptor layer
was almost completely lost in either mouse model. These re-
sults buttress the hypothesis (14) that the loss of photore-
ceptors in Clen2”~ mice is secondary to a malfunction of
nurturing RPE cells.

Both oligodendrocytes and astrocytes contribute to
leukodystrophy in Clcn2™~ mice

Loss of CIC-2 leads to leukodystrophy in both mice (15) and
humans (19). In mice, it manifests as spongiform vacuole
formation in white matter, which is particularly prominent in
the cerebellum (15). CIC-2 is expressed in neurons (34, 35) and
glia, where it is found in both astrocytes and oligodendrocytes
(9, 15, 36, 37). The presence of vacuoles in myelin sheaths
of central neurons of Clen2”’~ mice (15) suggests an
oligodendrocyte-intrinsic role of CIC-2, but it has remained
unclear whether other cell types contribute to CLCN2-related
leukodystrophy.

To answer this question, we crossed Clcn mice to
oligodendrocyte-specific Cnp-Cre mice (38) and several Cre
lines, including GFAP-Cre mice (39), for deletion in astrocytes.
Western blots (Fig. 3, A and B, Fig. S2B) and immunohisto-
chemistry (Fig. 3C) ascertained the specificity and efficacy of
Clcn2 disruption. The vacuolization in cerebella of these mice
was followed over time in comparison with Clcn2”~ and WT
mice (Fig. 44). Oligodendrocyte-specific disruption of Clcn2
was sufficient to generate vacuoles in white matter but failed to
fully reproduce the severity of Clcn2™'~ leukodystrophy. In
contrast to Clcn2”'~ mice, vacuoles in Cnp-Cre;Clen2'®/o
mice were not yet present at 16 weeks of age and were less
abundant also in 52-week-old mice. Disruption of Clcn2 in
astrocytes did not cause vacuole formation even at 52 weeks of
age, as shown for GFAP-Cre;Clcn2' /1% mice in Fig. 4A. Cre-
lines targeting astrocytes differ in specificity and efficiency of
target deletion, mainly because of the diversity of astrocyte
subtypes and precursor cells that are common with neurons.
We therefore used two additional, inducible Cre-lines to
disrupt Clcn2 in astrocytes, GLAST-CreERT2 (40) and Aldh1/
1-CreERT2 (41). After validating their effect on CIC-2
expression (Fig. 3), we investigated whether Clcn2-disruption
with these lines (with Cre expression being induced by
tamoxifen injection at 3-4 weeks) would result in the
appearance of vacuoles in cerebellum. This was not the case,
neither at 16 nor 52 weeks of age (Fig. S3). Hence, disruption
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of Clen2 in astrocytes is insufficient to cause overt
leukodystrophy.

However, additional disruption in astrocytes significantly
worsened the vacuolization seen with oligodendrocyte-specific
Clen2 disruption. In Cnp-Cre, GFAP-Cre;Clcn2' " mice
vacuolization in the cerebellum even appeared to be worse
than in Clen2™'™ mice (Fig. 4A4). Like in Clen2™™ mice, it
extended to other white matter regions of the brain (Fig. 4 B—-C
and Fig. S4) and developed with a similar time course (Fig. S5).
We conclude that CIC-2 needs to be absent from both oligo-
dendrocytes and astrocytes to reproduce the leukodystrophy of
Clen2™'™ mice.

Leukodystrophy caused by Glialcam disruption is not due to
changes in CIC-2 gating

Loss-of-function mutations not only in CLCN2 but also in
GLIALCAM and MLCI, with which CIC-2 may form ternary
complexes in glia (9, 12), can cause leukodystrophy in humans
and mice (9, 24, 25). We have shown previously that disruption
of either Glialcam or Mlcl led to mistargeting and decreased
abundance of CIC-2 in glia (9). As GlialCAM increases Cl~
current amplitudes by virtually abolishing CIC-2 gating, we
expected a change from linear to inwardly rectifying, smaller
CIC-2 currents in Glialcam™'~ mice. This was indeed observed
in oligodendrocytes, but surprisingly not in Bergmann glia (9).

We now asked whether the effect of GlialCAM on CIC-2
gating plays a significant role in GLIALCAM-related leuko-
dystrophy. We crossed Glialcam™'~ with Clen2°P°P mice (28),
which express an N-terminal deletion mutant (6) that opens
CIC-2 to roughly the same degree as the binding to GlialCAM
(11, 12, 28). We argued that a cross with Clcn2°P°P mice may
rescue the leukodystrophy of Glialcam™~ mice if it is pre-
dominantly caused by a lack of CIC-2 opening.

Glial CAM interacts with CIC-2 through its extracellular
amino terminus and the first part of its single transmembrane
span rather than through its cytosolic C terminus (12, 42).
Accordingly, GlialCAM directs AN-CIC-2, a mutant carrying a
deletion in the cytosolic N terminus similar to that of CIC-2°P,
to cell—cell contacts just like WT CIC-2 (12). Also in vivo, no
differences in the subcellular localization of WT and CIC-2°P
were found (Fig. S6A). Like WT CIC-2 (9, 15, 36), the mutant
CIC-2°P protein was prominently detected on cell bodies of
cerebellar oligodendrocytes, in Bergmann glia, and at astro-
cytic endfeet that contact blood vessels. Agreeing with previ-
ous results for WT CIC-2 (9), Western blots of cerebellum
revealed a marked reduction of both WT and mutant CIC-2°P
protein in the absence of GlialCAM (Fig. S6B), whereas no
change was seen in the remainder of the brain (Fig. S6C).
Hence, as described for other tissues (28), the N-terminal
deletion affected neither the abundance nor localization of
CIC-2.

upper row, showing CIC-2 staining (white). Staining in Sertoli cells (examples) is marked by arrows. The scale bar represents 50 pm. C, macroscopic view
of the male reproductive system of adult Clcn2'®/'% and SC-AC2 mice. The scale bar represents 1 cm. D, testis and epididymis weights relative to
body weight of adult Clen2'°'°% and SC-AC2 mice (n = 5-7). Error bars, mean + S.D. Statistical significance: ** p < 0.01 (Mann-Whitney U test). E, H&E-stained
paraformaldehyde-fixed testis sections of Clen2'°% Clen2™”, SC-AC2, and GC-AC2 mice of different ages as indicated. n = 1 to 3. The scale bar represents 50
um. Bracket labeled with * indicates region containing spermatocytes and spermatids, bracket labeled by # spermatogonia and Sertoli cells.
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Figure 2. Retinal degeneration upon Clcn2 knockout in the retinal pigment epithelium. H&E-stained retinal sections of 1-, 2-, and 4-week-old and adult
control, Clcn2”, and RPE-AC2 mice. n = 1 to 3 per age and genotype; * indicates the photoreceptor layer; GCL, ganglion cell layer; INL, inner nuclear layer;
ONL, outer nuclear layer; RPE, retinal pigment epithelium. The scale bar represents 50 um.

The morphology of Clcn2°P’°P brain, including the cere-
bellum, appeared normal (Fig. 5). As described previously (9),
cerebella from Glialcam™~ mice developed vacuolization that
was visible at 16 weeks and progressed further with age. The
extent and progression of vacuolization was indistinguishable
in Clen2°P°P;Glialcam™ brain (Fig. 5), refuting the hypothesis
that GLIALCAM-related leukodystrophy is due to the lack of
Glial CAM-induced opening of CIC-2.

Discussion

Although CIC-2 is nearly ubiquitously expressed across
mammalian tissues and cells, loss of this Cl™ channel causes
only a limited number of significant pathologies in mice and
men. All of these are related to cellular degeneration. In two
cases, cellular degeneration is not a cell-autonomous conse-
quence of Clen2 disruption but results from CIC-2 deletion in
closely apposed neighboring cells on which the degenerating
cells depend for their function and survival: loss of CIC-2 in
Sertoli cells leads to the degeneration and eventual loss of male
germ cells, whereas Clcn2 disruption in retinal pigment
epithelial cells entails a rapid loss of photoreceptors. With
CLCN2-related leukodystrophy the situation is more complex:
Clcn2 disruption in oligodendrocytes led cell-autonomously to

SASBMB

myelin vacuolization, whereas additional deletion in astrocytes,
which form gap junction—connected syncytia with oligoden-
drocytes (43, 44), was required to achieve the same extent of
vacuolization observed with global Clcn2 disruption. Our data
suggest that all three pathologies arise from defective regula-
tion of the milieu extérieur in narrow clefts between cells in
the absence of CIC-2.

Degeneration of the testis and the retina

Both testes and retina are highly differentiated tissues in
which epithelial cells provide crucial support to extraordinarily
specialized cells, germ cells and photoreceptors, respectively.
In testis, Sertoli cells control the ionic composition of the
tubular lumen and the fluid surrounding germ cells during
their maturation; provide growth factors and lactate, the cen-
tral energy metabolite for germ cells (45-47); and phagocytose
residual bodies of spermatids that shed a large portion of their
cytoplasm on their way to fully differentiated spermatozoa
(48, 49). Tight junctions between Sertoli cells form the blood—
testis barrier and create an immune-privileged compartment
(50). Similarly, retinal pigment epithelial (RPE) cells are con-
nected by tight junctions and form the outer retina—blood
barrier. Transepithelial solute transport by the RPE controls

J. Biol. Chem. (2021) 296 100074 5
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Figure 3. CIC-2 expression and localization in glial cell-specific Clcn2 knockout mice. A and B, Western blot analysis of CIC-2 of membrane fractions
isolated from cerebellum, cerebral cortex, and remainder of brain of adult control (Clcn2'®/'*), oligodendrocyte-specific (Cnp-Cre;Clcn2'/'®), astrocyte-
specific (GFAP-Cre;Clcn2'®/'%, GLAST-CreERT2;Clcn2'®/' induced with tamoxifen), oligodendrocyte-/astrocyte-specific (Cnp-Cre;GFAP-Cre;Clcn2'1%)
Clen2 knockout mice and Clcn2™~ mice. Equal amounts of protein, as determined by BCA assay, were loaded with B-actin serving as loading control. This
blot is representative for 1 to 3 independent experiments. C, immunofluorescent staining of CIC-2 (green/white) in brain cryosections of adult control,
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the composition of the fluid surrounding photoreceptors and
is critical for their survival (51). RPE cells buffer ions released
from photoreceptors during electrical activity, provide glucose
to photoreceptors while removing its metabolite lactate,
participate in the visual cycle that regenerates the visual
pigment retinal, phagocytose outer segments from photore-
ceptors, and secrete growth factors (51, 52). Not surprisingly,
impairment of RPE function can lead to several blinding dis-
eases (52).

In Clcn2™'~ mice, degeneration of germ cells and photore-
ceptors start around the time when Sertoli or RPE cells
establish the respective blood—organ barrier (14). This obser-
vation had led us to hypothesize that the loss of CIC-2 in these
cells, rather than in germ cells or photoreceptors, triggers the
observed degeneration of cells beyond that barrier (14). This
idea was further supported by abnormal morphology of Sertoli
cells in adult Clcn2”/~ mice and by a strong reduction of
transepithelial current, voltage, and electrical resistance across
their retinal pigment epithelium (14) at P36, with the caveat
that the retina has already partially degenerated at this age.
Abnormal RPE function is also indicated by longer apical RPE
microvilli in chemically induced Clcn2™'~ mice before retinal
degeneration at P10 and by electrooculograms of heterozygous
mice (18). These recordings revealed changed light peaks
thought to originate in the RPE. However, these observations
cannot prove that Sertoli or RPE cells are at the origin of the
degeneration of germ and photoreceptor cells, which both
express Clcn2 (14), with germ cells actually expressing some-
what more CIC-2 protein than Sertoli cells (Fig. 1A4). Using cell
type—specific disruption of Clcn2 we now show that the lack of
CIC-2 in Sertoli cells, but not germ cells, recapitulates the
testicular phenotype of Clcn2”~ mice and that Clcn2 disrup-
tion in RPE cells is sufficient to explain their retinal
degeneration.

Our results demonstrate that the degeneration observed in
testis and retina is owed to the lack of CIC-2 in “nursing”
Sertoli and RPE cells. These cells provide the correct envi-
ronment for adjoining germ cells and photoreceptors,
respectively, which reside behind a blood-organ barrier.
Further similarities are the phagocytic activity of Sertoli and
RPE cells (53), which remove residual bodies from spermatids
and outer segment of photoreceptors, respectively, and their
involvement in lactate transport. Lactate is generated by and
released from Sertoli cells as nutrient for germ cells, whereas it
needs to be removed from photoreceptors where it arises as a
waste metabolite. Lactate crosses membranes through H'-
lactate MCT (SLC16) cotransporters (54). H-cotransport is a
burden for the pH regulation of the cytosol and particularly of
the much smaller extracellular clefts in these tissues. Extra-
cellular acidification upon coupled H*-lactate exit might be
compensated by CI"/HCOj3;™ exchange that requires Cl™ recy-
cling across the membrane (15). CIC-2, which is activated by
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acidic extracellular pH (6) and high intracellular CI~ concen-
tration (55-57), would be ideally suited for this task. In retina,
it might also play an indirect role in buffering extracellular
cations during electrical activity, akin to its postulated role in
glia (15).

Two other anion channels were implicated in male infertility
or retinal degeneration. Ablation of the volume-regulated
anion channel VRAC (7) in germ cells, but not in Sertoli
cells, causes male infertility in mice (58). As both CIC-2 and
LRRC8/VRAC channels are expressed in either cell type, the
dependence of degeneration on different cell types points to
disparities in channel properties or regulation. Unlike CIC-2,
VRAC is almost closed at rest, insignificantly affected by
pH,, strongly activated by cell swelling, and modulated by
several signaling cascades (3, 59-62). Unlike CIC-2, VRAC also
conducts organic compounds including lactate, amino acids,
and signaling molecules (59, 60, 62, 63). Disruption of Clcn2
causes azoospermia, whereas loss of Lrrc8a results in
abnormal, immotile spermatozoa (58, 64). Consistent with
impaired cell volume regulation, late-stage Lrrc8a™'~ sperma-
tids were swollen (58). In retina, loss of bestrophinl, an anion
channel activated by Ca®* or ATP (65) that resides in baso-
lateral membranes of RPE cells, leads to macular dystrophy
(66). Its disruption in patients, but strangely not in mice (67),
decreases a light peak in electrooculograms that is attributed
to the RPE (68) and that is also changed in heterozygous
chemically induced Clen2*~ mice (18). This similarity might
suggest that both Best-1 and CIC-2 reside in the same mem-
brane. Unfortunately, we ignore the polarization of CIC-2
expression in the RPE. Its basolateral localization in colon
(28, 57, 69, 70) might suggest an apical expression in the RPE
as many normally basolateral proteins localize to the apical
membrane of these cells (51).

CIC-2 in glia and leukodystrophy

CIC-2 is found both in neurons and glia (36) as ascertained
by knockout controlled immunohistochemistry (9, 15). CIC-2
is prominently expressed in Bergmann glia and in myelin of
the cerebellar medulla (15). CIC-2 is also present at astrocytic
endfeet contacting blood vessels and at the circumference of
oligodendrocytic somata where it partially colocalizes in
puncta with the gap junction protein Cx47 (9, 15). Of note,
astrocytic endfeet also express the water channel AQP4 and
the K*-channel Kir4.1, which is also expressed on somata of
oligodendrocytes (9, 71-74). Together with connexins, these
transport proteins may have a role in buffering extracellular
potassium in brain (“K* siphoning”). In this model (75), K*
ions that leave neurons during the repolarization of action
potentials must be removed quickly from the small clefts be-
tween cells. Otherwise, extracellular K concentration ([K*],)
could rise to levels that depolarize neurons sufficiently to elicit
action potentials. After being taken up by glia, e.g., by Kir4.1,

conditional Clcn2 knockout as indicated, and Clcn2~/~ mice. Costaining for adenomatous polyposis coli (red) visualizes the cell bodies of oligodendrocytes in
the myelin layer of the cerebellum. Costaining for the astrocytic cytoskeletal protein GFAP (red) visualizes Bergmann glia on the molecular layer of the
cerebellum and costaining for perlecan (red) visualizes astrocytic endfeet at blood vessels at the hippocampus region. DNA in the nuclei was stained with
DAPI (blue). The scale bars represent 5 um (staining in myelin layer), 50 um (staining in molecular layer), 20 pm (staining of blood vessels).
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Figure 4. Myelin vacuolization in glial cell-specific Clcn2 knockout mouse models. H&E-stained sagittal brain sections of the myelin layer of the

cerebellum of control, Clcn2™", oligodendrocyte-specific (Cnp-Cre;Clcn

Zlox/on

), astrocyte-specific (GFAP-Cre;Clcn2'9"*), and oligodendrocyte-/astrocyte-

specific (Cnp-Cre;GFAP-Cre;Clcn2''®) Clen2 knockout mice in the age of 16 or 52 weeks (A), of the brain stem (B), and the corpus callosum (C) of 52-week-
old Clen2™~ and oligodendrocyte-/astrocyte-specific Clcn2 KO mice. n = 2 to 5. The scale bars represent 500 um.

K" is buffered in oligodendrocytes and astrocytes that are
connected by gap junctions to form a syncytium (43, 44).
Kir4.1 and AQP4 finally equilibrate potassium and water with
the blood at astrocytic endfeet. This model is supported by the
leukodystrophy that arises in mice upon ablation of Kir4.1
(72, 76) or of both Cx32 and Cx47 (75, 77). Crosses between
these mouse models revealed that these proteins operate in the
same pathophysiological pathway (75).

These similarities in cellular localization and phenotypes led
us to hypothesize that the myelin vacuolization of Clecn2™'~
mice is likewise owed to impaired K* siphoning (15). CIC-2
might provide a neutralizing current for bulk, per se electro-
genic, channel-mediated K* transport into and out of glia.
Since cytoplasmic CI™ concentrations of astrocytes are gener-
ally above electrochemical equilibrium (78), ClI” efflux could
accompany K" efflux at astrocytic endfeet. Cl” influx into as-
trocytes through CIC-2 seems only feasible if they are suffi-
ciently depolarized by an increase of [K'], during neuronal

8 J Biol. Chem. (2021) 296 100074

activity. A depolarization would, however, lower the open
probability of CIC-2 unless it were “opened” by Glial CAM.
CIC-2-mediated Cl -influx into oligodendrocytes is less
problematic since their intracellular Cl~ concentrations are
close to equilibrium at normal [K*], (78) and because Glial-
CAM is known to linearize CIC-2 currents in these cells (9).
Compatible with our hypothesis, glia-restricted disruption
of CIC-2 was sufficient to recapitulate the spongiform myelin
vacuolization of Clen2™'~ mice. Loss of CIC-2 in oligoden-
drocytes, which form the myelin sheaths in which vacuoles
appear (9, 15), sufficed to cause vacuolization, albeit not to the
same extent as the global lack of CIC-2. This required addi-
tional Clcn2 disruption in astrocytes, which per se did not
provoke visible abnormalities as ascertained with three
different astrocyte-targeting Cre lines. Hence, Clcn2 needs to
be disrupted in most or all cells of the oligodendrocyte—
astrocyte syncytium to yield the full-blown leukodystrophy of
Clen2™'~ mice. The role of this syncytium is also evident with
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Figure 5. Similar myelin vacuolization phenotype of Clcn2°P'°P Glialcam™~ compared with Glialcam™ mice. H&E-stained paraformaldehyde-fixed
sagittal brain sections (myelin part of the cerebellum) of wildtype (Clcn2**;Glialcam™*), Clcn2°°P;Glialcam™*, Clen2**Glialcam™~, and Clcn2°P/°P;
Glialcam™ mice at the age of 16 and 52 weeks. n = 1 to 3. The scale bar represents 500 um.

the leukoencephalopathy observed with disruption of both
Cx32 and Cx47 (75, 77), which connect the cells of the syn-
cytium, or of Kird.1, which appears to have a role in K*
siphoning both in oligodendrocytes (74) and astrocytes (79).
Somewhat surprisingly, in Cnp-Cre, GFAP-Cre;Clcn2'/'*
mice myelin vacuolization appeared earlier and was more
pronounced than in Clcn2™'~ mice. Although we cannot
exclude effects of the genetic background, this observation
points to a role of CIC-2 in neurons, the main cell type of
Cnp-Cre;GFAP-Cre;Clanl‘”‘”"x brain in which CIC-2 is not
deleted. Interestingly, and in accord with the K-siphoning
model, myelin vacuolization in Cx32/Cx47 double KO mice
depends strongly on neuronal activity (75). Hence, our data are
compatible with lower overall neuronal activity in Clcn2™/~
mice, a notion that contradicts the previous beliefs that
loss of CIC-2 function causes epilepsy, but is consistent with
the hyperexcitability of inhibitory interneurons in Clcn2™/~
mice (35).

Using conditional Clcn2 KO mice, our work has established
the cell types in which CIC-2 disruption causes the KO pa-
thology. One may ask whether other cell types participate in
the KO phenotype. This is obviously the case, as for instance,
germ cells, in which CIC-2 appears dispensable, degenerate
upon loss of CIC-2 in Sertoli cells, or because myelin vacuo-
lization depends on neurons without which myelin sheaths are
not formed (in addition to the surprising mitigating effect of
neuronal Clcn2 disruption discussed above). Phenotypes
depend on the complex interplay of cells within organisms.
Conditional gene KO allows one to pinpoint those cells in
which the lack of a specific gene precipitates pathology at the
organismal level.

SASBMB

A peculiarity of glial CIC-2 is its coexpression with Glial-
CAM, which tethers, by homophilic interactions of GlialCAM
expressed on either cell, the channel to cell-cell contacts
(9, 12). Glial CAM also increases CIC-2 current amplitudes and
nearly abolishes its rectification (11, 12). Since GLIALCAM
mutations entail a vacuolating human leukoencephalopathy
(24), we previously generated Glialcam ™~ mice (9) to study its
interaction with CIC-2 and with MLCI, another binding
partner of GlialCAM (24) that also underlies human leu-
koencephalopathy (80). All three mouse models (Clcn2™',
Glialcam™", and MlcI™'~ mice) displayed myelin vacuolation
(9). Disruption of either Glialcam or Micl led to a striking
mislocalization of CIC-2 in Bergmann glia and to a strong
reduction of CIC-2 protein levels in the cerebellum but not in
the rest of the brain. CIC-2 CI™ currents in oligodendrocytes
in situ were not only reduced in amplitude but displayed
the expected change from an almost linear, CIC-2/Glial CAM-
mediated current in WT mice to the typical hyperpolarization-
activated CIC-2 current that is observed without Glialcam (9).
Rather mysteriously, however, these changes in CIC-2 currents
were not seen in Bergmann glia that normally expresses both
CIC-2 and GlialCAM. Overall, we concluded that changes in
CIC-2 properties and/or abundance contribute to the myelin
pathology of Glialcam™~ or MlcI™'~ mice but that Glial CAM
and Milcl proteins have additional effects as well (9).

We now asked specifically whether the Glial CAM-induced
change in biophysical characteristics of CIC-2 has a role in
Glialcam™" leukodystrophy. Crossing Clcn2°P°P mice that
express a mutant, open CIC-2 channel (28) with Glialcam ™'~
mice should restore the open phenotype to oligodendrocyte-
expressed CIC-2 and open CIC-2 also in cells like Bergmann
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glia in which no effect of Glial CAM on CIC-2 gating could be
observed (9). The answer is clear: opening CIC-2 by muta-
genesis does not rescue the leukodystrophy caused by the loss
of GlialCAM. We conclude that it is rather the mislocalization
or the reduction of CIC-2 protein expression that extends to
the CIC-2°° mutant (Fig. S6), which is responsible for
GlialCAM-related leukodystrophy, together with the loss of
other currently unknown functions of Glial CAM. Indeed, the
more severe myelin vacuolization of Glialcam ' ;Clen2™'~
compared with Glialcam™~ or Clen2™~ mice suggests that
impaired or lost CIC-2 function is not the only factor in
Glialcam-related pathology (9).

Conclusions

Using cell type—specific disruption of Clen2 in mice, we
identified those cell types in which CIC-2 must be present in
order to prevent the degenerative pathologies observed upon the
loss of the channel, i.e., azoospermia, photoreceptor degenera-
tion, and spongiform myelin vacuolization. Given the similarities
in mouse and human pathologies, our findings most likely can be
extrapolated directly to human patients with loss-of-function
mutations in CLCN2. The loss of germ cells and photorecep-
tors is not owed to a cell-autonomous loss of the channel in these
cells, but rather to the loss in “nurturing” Sertoli and RPE cells. In
glia, loss of CIC-2 in oligodendrocytes cell-autonomously leads
to vacuole formation in myelin, but there is an important
contribution also of astrocytes with which oligodendrocytes
form a large syncytium that provides the right environment for
neurons. Perhaps not surprisingly, a report on a different
Clen2™'~ mouse model also found signs of modest neuronal
degeneration (16), which was not found in our studies (9, 15).

We propose as common denominator for the Clcn2-related
testicular, retinal, and glial pathologies a role of CIC-2 in the
regulation of the milieu extérieur, which can be altered already
by small changes in ion transport rates if the relevant volume is
small. Indeed, in many cases, and certainly here, the fluid
volume in extracellular clefts is much smaller than that of the
cytoplasm. Unfortunately, no reliable methods to quantita-
tively measure ion concentrations in these narrow clefts are
currently available. Although the widely expressed CIC-2 has
other important roles, such as transepithelial transport in the
intestine (70, 81) and—with pathological gain-of-function
mutations—in aldosterone production (26-28), it appears to
be crucial in extracellular ion homeostasis in brain and testis,
tissues showing severe degenerative changes upon its ablation
in mice and men.

Experimental procedures
Mice

All animal experiments were approved and in compliance
with the Berlin authorities (LAGeSo). All mice were housed
under standard conditions in the animal facility of the MDC
according to institutional guidelines. They had access to food
and water ad libitum.

To generate Clcn2'/'°* mice, a 10.6-kb fragment of R1-ES
cell genomic DNA containing exons 1 to 22 of Clcn2 was
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cloned into pKO Scrambler Plasmid 901 (Lexicon Genetics
Inc). A neomycin-resistance cassette flanked by FRT sites was
inserted between exons 1 and 2. In a previously generated
Clen2°¥'°* mouse model introduction of a neomycin cassette
at this site led to missplicing and hypomorph expression of the
Clcn2 mRNA. To prevent this, we mutated a putative splice
acceptor site downstream of the neomycin cassette (gt—ca).
Two loxP sites were inserted flanking exons 2 and 3. To aid
Southern-blot detection of the targeted allele an additional
EcoRV-site was introduced adjacent to the second loxP site.
The linearized vector was electroporated into R1 ES cells and
neomycin-resistant clones were screened by Southern blotting.
Correctly targeted clones were injected into C57BL/6 blasto-
cysts by the MDC transgenic facility, and the resulting
chimeric animals were crossed to FLP-deleter mice (in C57BL/
6 background) to remove the neomycin-resistance cassette.
For PCR genotyping primers P1 together with P2 or P3 with P4
were used to detect the loxP sites.

The generation and validation of the following mouse
models have been described as indicated: Clen2™”'~ mice (14);
Clcn2°P'°P mice (28); Glialcam™ ™ mice (9); AMH-Cre mice
(30); Stra8-Cre (31); Trp1l-Cre (32); Cnp-cre (38); GFAP-Cre
(39); GLAST-CreERT2 (40); Aldhl/1-CreERT2 (41). To
induce the activity of GLAST-CreERT2 and Aldhl/1-
CreERT?2, tamoxifen was used: tamoxifen (SIGMA, T-5648)
was dissolved in corn oil (SIGMA, C-8267) to prepare a final
concentration of 10 mg/ml. Mice in the age of 3 to 4 weeks
were intraperitoneally injected daily with 100 mg tamoxifen
per kilogram body weight for five consecutive days.

Antibodies

The rabbit anti-mouse CIC-2 antibodies against C-terminal
peptides of mouse CIC-2 (1:500 (HGLPREGTPSDSDDKSQ)
for immunohistochemistry [IHC] and 1:1000 (WGPRSRHGLPR
EGTPSDSDDKSQ) for WB) have been described previously and
have been controlled using Clcn2™'" tissues (9). The following
commercial antibodies have been used: mouse anti-APC (IHGC;
1:200, OP80, Millipore), mouse anti-GFAP (IHC, 1:500, G3893,
Sigma) rat anti-Perlecan (IHC, 1:2000, MAB1948P, Millipore),
mouse anti-B-actin (WB, 1:10,000, A2228, Sigma) and peanut
agglutinin conjugated to Alexa Fluor 488 (IHC, 1:1000,
Molecular Probes). Labeled secondary antibodies were Alexa
Fluor 488 goat anti-rabbit (A11034, Invitrogen), Alexa Fluor 555
goat anti-rabbit (A21429, Invitrogen), Alexa Fluor 555 goat anti-
mouse (A21424, Invitrogen).

Immunohistochemistry

Immunohistochemical staining was performed on cry-
osections from organs of perfused (1% paraformaldehyde
[PFA]/PBS) mice. The air-dried sections were fixed with 1%
PFA/PBS for 10 min. The fixation step was stopped using
30 mM glycine. After washing with PBS, the sections were
permeabilized with 0.2% Triton-X100/PBS. After blocking
with 3% BSA, 0.1% Tween 20 in PBS for at least 30 min at RT,
the sections were incubated with primary antibody in blocking
buffer overnight at 4 °C in a humidified chamber. After
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washing with PBS, the sections were incubated in the dark for
1 h at RT with secondary antibody solution (1:1000 in blocking
buffer) and DAPI. Confocal images were taken using a Zeiss
LSM 510 META or Zeiss LSM 880 laser scanning microscope
and the ZEN software (Zeiss). Image processing was done
using ZEN software (Zeiss).

Histology

For histological analysis, mice were perfused with 1% or 4%
PFA/PBS under deep anesthesia and the organs were postfixed
with 1% or 4% PFA/PBS overnight at 4 °C. On 6- to 7-pm
sections of the paraffin-embedded organs, hematoxylin-eosin
staining was performed. Images were taken with an Axio-
Cam MRc5 (Zeiss) on an Axiophat microscope (Zeiss) with an
ACHROSTIGMAT 5x/0.12, Plan-NEOFLUAR 10x/0.30, or
Plan-NEOFLUAR 40x/0.75 objective using the ZEN software
(Zeiss). Image processing was done using Image Composite
Editor (Microsoft) and ZEN software (Zeiss).

Western blot analyses

Membrane fractions were isolated from frozen mouse tissue
as described previously (9). Protein-containing pellets were
resuspended in 50 mM Tris pH 6.8, 140 mM NaCl, 0.5 mM
EDTA, and 1% SDS and 1% Triton-X100 with protease in-
hibitors (4 mM Pefabloc and Complete EDTA-free protease
inhibitor cocktail, Roche) by sonification. The protein content
was determined using bicinchinonic acid assay, and equal
amounts of protein were separated by SDS-PAGE and blotted
onto nitrocellulose. Image Studio Lite Ver 5.2 was used to
quantify CIC-2 protein bands.

Data availability

The relevant data are contained within the manuscript.
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