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Disruption of CIC-3-mediated 2Cl7/
H* exchange leads to behavioural
deficits and thalamic atrophy

Carina Balduin?, Guanxiao Qi?, Michael Schéneck?, Verena Trinkel?, Sarah Schemmert?,
Gustavo A. Guzman?, Stefanie Bungert-Plimke*, Malte Klissendorf®>, Bernd Neumaier®”,
Dirk Feldmeyer?*!?, N. Jon Shah'8%0 Tobias Stauber®, Karl-Josef Langen?,

Raul E. Guzman*13*? & Antje Willuweit%*3"*

CLCN3 encodes CIC-3, an endosomal 2CI-/H* exchanger, with pathogenic variants causing a
neurodevelopmental condition marked by developmental delays, intellectual disability, seizures,
hyperactivity, anxiety, and brain and retinal abnormalities. Clcn3~/~ mice show hippocampal and retinal
degeneration, recapitulating key symptoms observed in humans. CIC-3 forms homodimers (CIC-3/
CIC-3) and heterodimers with CIC-4 (CIC-3/CIC-4), with overlapping brain expression. This suggests
distinct functional roles for homo- and heterodimeric assemblies and raises the question of which brain
regions specifically depend on CIC-3/CIC-3 rather than CIC-3/CIC-4 complexes. Using ex vivo PET tracer
analyses, Clcn3™~ and Clcn3t¥t¥ mice, we found neurodegeneration in the hippocampus and thalamus
of Clcn3~-, while Clcn3' mice showed thalamic degeneration and altered neuronal excitability,
including changes in action potential threshold and after hyperpolarization. Clcn3t%*? mice carrying

a transport-deficient p.E281Q CIC-3 variant that still associates with CIC-4, thereby allowing CIC-4 to
be sorted to endosomes as CIC-4/CIC-3 heterodimers, unlike in the Clcn3~- model. Clcn3ttd mice also
exhibited reduced weight, hyperactivity, and motor deficits, reflecting clinical features. Lower CIC-4
levels in thalamus predict a predominant thalamic expression of CIC-3/CIC-3 homodimers. Overall,

our findings indicate a region-specific function of CIC-3/CIC-3 homodimeric complexes and highlight
the importance of CIC-3 transport activity in thalamic neuron survival, with electrophysiological
dysfunction likely contributing to neurodegeneration.

Keywords CLCN3, Chloride/proton exchanger, Action potentials, Thalamic neurodegeneration, Behavioural
deficits

Defective endo-lysosomal function is a critical causal factor for neuronal death in several neurodegenerative
disorders'*. Non-proliferating neurons are by far the most susceptible to endo-lysosomal system dysfunction.
Any disruption along the endo-lysosomal pathway can perturb crucial processes such as protein trafficking,
sorting, recycling, and degradation, ultimately culminating in neuronal dysfunction and cell death?. The
endo-lysosomal system encompasses early endosomes, recycling endosomes, late endosomes, and lysosomes,
maintaining a luminal pH range of 6.5 to 4.5°. The concerted action of the ATP-dependent proton pump serves
as the primary driver for proton transport within endosomes®, with key factors such as proton leaks, ion channels
and transporters being essential for regulating and maintaining the internal pH in these organelles®’. Thus, pH
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regulation, particularly mediated by associated channels and transporters, emerges as critical for the proper
functioning of the endo-lysosomal system, thereby significantly influencing neuronal function and viability.
The neuronal intracellular chloride/proton (2CI"/H*) exchangers CIC-3 and CIC-4 are integral components of
the endo-lysosomal pathway, residing in distinct organelles within it®~'°. Their transport mechanism is crucial
for the functionality of the endo-lysosomal network, as demonstrated by the pathological phenotypes exhibited
by patients with the rare CLCN3 and CLCN4 conditions, or by animal models upon disruption of CIC-3'-17,
Pathogenic CLCN3 variants in humans result in clinical features such as intellectual disability, seizure, severe
neuropsychiatric disorders, brain abnormality, and hippocampal and retinal degeneration with delayed gross
and fine motor development'>!®. The severity of clinical symptoms in patients with homozygous loss of CIC-3
resembles phenotypes observed in Clcn3™~ mice!®-2!. While Clcn4™~ mice show a wild-type-like phenotype??,
disease-causing CLCN4 variants, resulting in a complete loss of CIC-4 transport function, lead to intellectual
disability, seizures, and psychiatric disorders in humans!!1%16-2-25 The genomic context of CLCN4 may account
for the observed difference between animal models and human clinical features. In Mus musculus, it is located
on chromosome 7, while in humans, it resides on the X-chromosome!'**?”. Unlike other neuronal 2Cl"/H*
exchangers, alternative splicing of CLCN3 generates translated variants targeted to recycling and late endosomes,
as well as lysosomes®. Because CIC-4 lacks endosomal sorting signals®®, trafficking from the endoplasmic
reticulum (ER) to endosomes entirely relies on its ability to oligomerize with protein family members®. CIC-4
forms heterodimers with CIC-3 to ensure protein stability and proper trafficking to endosomes®. Therefore,
under physiological conditions, CIC-4 is likely not present as a homomer in endosomes, but rather as a part of
CIC-3/CIC-4 heterodimeric complexes?. Recent studies have shown that the integrity of higher brain structures,
like the hippocampus and retina, is critically dependent on the presence of endosomal CLC transporters and
their essential 2C1~/H*-exchange function?"*°. This evidence conclusively demonstrates that CIC-3 and CIC-4
function as a heterodimeric CIC-3/CIC-4 complex within the brain?!**. However, the neurological symptoms
and severity in individuals with CLCN3 and CLCN4 mutations are not ubiquitous, as they only overlap to a
certain extent!?!3. This argues against a ubiquitous heterodimeric function of CIC-3/CIC-4 across the brain.
We therefore hypothesize that these transporters may have brain region-specific expression profiles, leading to
homodimeric or heterodimeric assemblies. Furthermore, there is currently no information available about the
vulnerability of other brain regions to the endosomal dysfunction or disruption of these transporters and their
associated 2Cl /H*-exchange machinery, aside from the hippocampus and retina.

To explore these aspects, we used knock-in Clen3'¥* mice with an ion transport-deficient CIC-3 mutant®,
Clcn3™~ and wild-type (WT) mice and employed the PET radiotracer cis-4-[!®F]-fluoro-p-proline (cis-F-p-
proline) to investigate neurodegenerative processes in various brain regions of these mice. cis-F-D-proline has
been used to detect primary brain lesions and secondary neurodegeneration in remote brain regions of rodents
after cortical ischemia or harbouring cerebral gliomas®*2, The transport-deficient knock-in Clen3'/*¢ mouse
model expresses a CIC-3 mutant that abolishes ion transport but conserves its ability to be sorted to endosomes
and form heterodimers with CIC-4?"33, In ex vivo autoradiographic experiments, cis-F-p-proline depicted
neurodegeneration and inflammation in the hippocampus of Clcn3™~ mice and, surprisingly, in the thalamus of
both Clcn3~~ and Clen3 mice. These findings were underpinned by defective electrophysiological properties
of Clcn3'* thalamic neurons. Homozygous Clen3'* and Clcn3™~ mice exhibited reduced body weight and
displayed hyperactivity, as well as motor impairment in longitudinal behavioural analyses. In addition, our
experiments revealed lower CIC-4 expression levels in the thalamus compared to the hippocampus in wild-type
mice.

We identified a brain region that is nearly devoid of endosomal CIC-4. The distinct CIC-4 expression pattern
between the thalamus and hippocampus, combined with similar CIC-3 levels in both regions, predicts the
prevalence of CIC-3/CIC-3 homodimers rather than CIC-3/CIC-4 heterodimers in the thalamus of mammalian
WT. Therefore, we conclude that thalamic neuronal function and survival rely on the endosomal 2Cl7/H*-
exchange activity of homodimeric CIC-3 complexes. Our findings stress the importance of considering the
thalamus as an essential brain region for the understanding of CLCN3-related conditions.

Results

CIC-3 chloride/proton transport activity is indispensable to maintain the viability of thalamic
neurons

Neurodegeneration is a common feature observed in most of the CLC 2Cl"/H* exchanger knockout mouse
models'-203435 emphasizing how crucial these proteins are for the homeostatic control of brain function. We
used Clcn3™~ mice to explore which brain regions may be affected beyond the hippocampus and, thus, are
physiologically dependent on the 2C17/H* exchange function. cis-F-p-proline, a high-sensitivity PET radiotracer
used to detect primary and secondary neurodegenerative processes in the brain®’, was injected i.v. into P30
and P70 Clcn3™ mice, and ex vivo autoradiography of the brain was performed to visualize neuronal damage
(Fig. 1A). Also, cis-F-p-proline uptake in the brains was quantified as the standardized uptake value ratio
normalized to the brainstem (SUVR Brainstem)) for several brain regions (Table 1).

At postnatal day 30 (P30), juveni&e Clen3™~ mice showed significant accumulation of cis-F-p-proline in the
hippocampus, verified by reprojection to the anatomic atlas* (Fig. 1B), indicating a process of neurodegeneration
and neuroinflammation (Fig. 1A and C). Mean SUVR; . ... values were nearly two-fold higher in Clen3='~
brains compared to WT for the respective brain region (two-way ANOVA, P,,,=0.0046, F(2.42)=6.137; and
P,,,<0.0001, F(2,54)=91.49). This observation agrees with the described hippocampal neurodegeneration
in Clcn372° and validates our approaches. cis-F-p-proline uptake was observed in a second brain region,
identified as part of the main somatosensory nucleus complex in mammals, the ventrobasal-complex (VBC)
of the thalamus, according to the anatomic atlas®. SUVR values in the thalamus were comparable to those
in the hippocampus and significantly higher than the WT at the same age (Fig. 1A, C and Table 1). Tracer
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Fig. 1. Uptake of cis-F-p-proline in areas of neurodegeneration in the brains of Clen3'¥* and Clcn3~~ mice.
(A) Reprojection to the anatomical map identified cis-F-D-proline tracer accumulation in the hippocampus
and ventrobasal complex (VBC) of the thalamus in Clcn3™~~ mice, as indicated by red ellipse. Hippocampus
(H) is marked by a second ellipse above the VPM, as well as striatum (S). In Clen3 mice accumulation of
the radiotracer was only evident in the VBC region at both ages. Adjacent to the autoradiographic slices (AR),
brain slices were stained with DAPI for histological overview (B) Schematic overview of a sagittal section of
the mouse brain atlas 1.44 mm lateral to Bregma (modified from Paxinos and Franklin®®) used to identify
neurodegeneration in brain autoradiograms of WT and Clcn3/* and Clen3 ™~ mice after injection of the
radiotracer cis-4-['8F]-fluoro-p-proline (cis-F-p-proline). (C) cis-F-D-proline tracer uptake in the thalamus of
Clen3¥/ (red squares) and Clcn3™~ (blue squares) mice was significantly higher for P30 mice and P70 mice
compared to WT (black up triangles), as illustrated by the standardized uptake value ratio (SUVR . . ).
Statistical calculations were conducted by two-way ANOVA with Fisher post hoc test (SUVR g iem) £ E? ,
n=5 to 10 animals per group, 6 slices per animal for hippocampus and striatum, 3 slices per animal for
thalamus). Significant data are marked by asterisks. *P<0.05**P<0.01 ***P<0.0001. H, hippocampus; S,
striatum; T, thalamus.

uptake in the thalamus of adult (P70) Clcn3™~ mice was spatially higher compared to P30, as shown by the
outlined VBC areas reprojected from adjacent histological slices. (Fig. 1B, C). At the same time, the signal in
the hippocampus was lower, consistent with a reduction in hippocampal volume at this age (Suppl. Fig. 1E)%.
We directly correlated cis-F-p-proline uptake on autoradiograms with neurodegeneration and inflammatory
processes on immunofluorescent images in the thalamic VBC on adjacent slices, ranging from 1.84 to 1.44 mm
lateral to the Bregma. Slices were stained using cell-specific antibodies for neuronal nuclei (NeuN), reactive
astrocytes (GFAP), and reactive microglia (CD11b) for visualization of neuronal, inflammatory, and phagocytic
cells (Fig. 2). We observed a significant reduction of about—70% in the counts of cells positive for the neuronal
marker NeuN and higher levels of immunoreactivity against GFAP and CD11b in the thalamic VBC of
Clcn3™~ compared to the WT mice (NeuN, WT 143+7 vs Clcn3™~ 3143, P<0.0001; GFAP, WT 5+0.7 vs
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GFAP NeuN/DAPI

CD11b/DAPI

cis-4-['8F]-fluoro-p-proline
Brain area IS’E(YR(Brmmm) Statistics f’g(YR(Bmmm) Statistics
Hippocampus | 2.26+0.22 ns 1.99+0.07 n.s
Clen3'¥' | Thalamus 4.65+1.01 p<.01 5.45+0.86 p<.0001
Striatum 2.07+0.21 n.s 1.76 £0.05 n.s
Hippocampus | 3.93+0.54 p<.05 3.13+0.41 n.s
Clen3™~ | Thalamus 4.61+1.21 p<.01 10.09+1.13 p<.0001
Striatum 2.26+0.12 n.s 1.56+£0.15 n.s
Hippocampus | 2.33+0.15 2.09+0.09
WT Thalamus 1.99+0.11 1.68+0.05
Striatum 2.19+0.12 1.79+0.04

Table 1. cis-4-['*F]-fluoro-D-proline in the different brain areas of Clcn3'*¥ and Clcn3™~ mice.

P(x) =postnatal age in days, SUVR ;. ..., = standardized uptake value ratio normalized to brainstem. Data
are presented as mean + SEM. Statistics calculated with: two-way ANOVA, Fisher post hoc analysis, WT versus
Clen39d or Clen3™'~. n.s. not significant.
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Fig. 2. Loss of NeuN labelled cells and gliosis in the thalamic ventral posteromedial nucleus (VPM) region of
Clcn3'%' and Clen3~~ mice. (A) Representative immunofluorescence images of thalamus in sagittal sections
of WT, Clcn3™~ and Clen3'* mice at P70 stained against neurons (NeuN, green), activated astrocytes

(GFAP, red) and reactive microglia (CD11b, green). Cell nuclei were counterstained with DAPI (blue). (B)
Quantification in the VPM as part of the ventrobasal complex (VBC) of the thalamus indicates a significant
lower number of NeuN-positive neurons, while (C) percentage of immunoreactive (IR) area of activated
astrocytes (GFAP) and microglia (CD11b) were significantly upregulated in this brain area for homozygous
Clcn3'9 (red squares) and Clcn3™~ mice (blue squares) compared to WT (black up triangles). Loss of neurons
is accompanied by gliosis in the thalamic VPM region of Clcn3~~ and Clcn3'* mice (white dotted outline in
(A)). Data are presented as mean + SEM calculated from three to five slices, respectively. Statistical calculation
was conducted by one-way ANOVA with Tukey 's post hoc analysis WT vs. Clen3~~ and WT vs. Clcn3'¥", WT
n=10; Clcn3'* and Clcn3™~, n=6. Significant data are marked by asterisks. **P < 0.01; **P<0.0001.

Clen3™/=29+3.6, P<0.0001 and CD11b, WT 3.4+ 1.3 vs Clen37/~ 29+2.6 P<0.0001, (Fig. 2A-C and Table 2),
suggesting a substantial neurodegeneration accompanied by neuroinflammatory processes. In addition to the
hippocampus and thalamus, other brain areas without signs of cis-F-p-proline accumulation, such as striatum
(caudate putamen), motor cortex or brainstem, were immunostained against NeuN or GFAP for Clen3'/' and
WT mice (Suppl. Figs. 1 and 2). In contrast, the striatum and hippocampus of Clcn3'¥ showed no obvious
differences when compared to the WT (Suppl. Fig. 1G, Table 2). Thus, we concluded that the presence of CIC-3
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Brain area WT Clcn3' | Clcn3~/- | Statistics

VPM 1437 42+3 31+3.0 | P<.0001, F(2,19)=106.0
NeuN (counts) | Hippocampus | 4855+362 | 4778+429 | n.a n.s

Striatum 6056 +326 | 6050+330 | n.a n.s

VPM 5+0.7 24+1.1 29+3.6 | P<.0001 F(2,19)=51.89
GFAP
IR area (%) Motor cortex |23+3.6 22+2.6 n.a n.s

Brainstem 37+£2.0 53+5.2 n.a p<.0048,
CD11b B
IR area (%) VPM 34+13 17£2.0 29+2.6 | P<.0001, F(2,19)=50.77

Table 2. Neurodegeneration and gliosis in the thalamic ventral posteriomedial nucleus of the thalamus (VPM)
of Clen3' and Clen3™~ mice. VPM, ventral posteromedial nucleus of the thalamus, 7.a., not analyzed, n.s.,
not significant. Data are presented as mean + SEM. Statistics: VPM: one-way ANOVA, Fisher LSD post hoc
analysis WT versus Clen3* and Clen3~~. Motor cortex, hippocampus, striatum and brainstem: two-way
repeated measures ANOVA, Fisher LSD post hoc analysis WT versus Clcn3'4/,

and its associated 2C17/H* exchange function is important for preventing neurodegeneration not only in the
hippocampus but also in the thalamus of WT mice.

Given that CIC-3 and CIC-4 exhibit similar expression patterns within the mammalian brain and are
known to functionally depend on each other®?, it has been hypothesized that within the CNS they function
as heterodimeric CIC-3/CIC-4'7. This assumption is supported by experimental data from two independent
transport-deficient mouse models showing the significance of CIC-3/CIC-4 association for the viability of
neuronal cells in the hippocampus?'"*. To verify whether this scenario also holds for thalamic neurons, we
used the recently described Clen3'/* mouse model expressing an ion transport-deficient CIC-3 mutant that
conserves its ability to interact with CIC-4?'. In Clcn3'* mice, no tracer uptake could be observed in the
hippocampal region at P30 or P70 (Fig. 1A, C and Table 1), which agrees with the absence of hippocampal
degeneration, verified by histology (Suppl. Fig. 1)!. In contrast, we observed significant tracer accumulation in
the thalamus of Clcn3'/" mice, resembling that of the Clen3~~ at P30 (Fig. 1A, 1C and Table 1). Additionally,
Clcn3'9/' thalamus showed no major changes in the uptake levels of cis-F-p-proline at P70, compared to P30
(Fig. 1B, 1C and Table 1). Overall, SUVR values differed significantly between all genotypes (two way ANOVA,
Pp,,<0.05, F(2.42)=5.009 and P, < 0.0001, F(2,54)=48.33) and an overall significant interaction between
the brain regions and genotype for both mutant mouse lines was observed (two-way ANOVA, P, =0.0359,
F(4,42)=2.839, P}, ,,<0.0001, F(4,54) =37.99), highlighting the significant differences of cis-F-p-proline uptake.
At P70, accumulation of cis-F-D-proline was significantly higher in the thalamus of Clcn3'¥*¥ mice in comparison
to WT, and accumulation in the thalamus of Clcn3~~ was even higher. Overall, it suggests a potential deficiency
of CIC-3-related 2Cl~/H* exchange activity in the Clen3* conditions.

Accumulation of cis-F-p-proline in brain areas with neurodegeneration is known to be associated with a
prominent reaction of microglia and astrocytes as a sign of neuroinflammation®"?”. Therefore, to substantiate
the cis-F-D-proline observations, we performed histopathological stainings in the Clcn3** and Clcn3~ brains
and quantified the extent of neurodegeneration in the compromised brain areas, such as the thalamus, of these
animal models.

Within the VBC of Clcn3'¥* and Clen3™~ mice, higher levels of immunoreactive (IR) areas positive for GFAP
and CD11b were observed, approximately fivefold higher in Clcn3 models compared to the WT (Fig. 2A, C and
Table 2), suggesting activation of neuroinflammatory processes in the thalamus of both mutant mouse models
(WT, n=10, Clcn3'¥** and Clcn3™~ n = 6 two-way RM ANOVA, P<0.001, F(2,19) =51.89). Comparison of the
models with each other revealed statistically significantly higher levels of CD11b-positive but not GFAP-positive
cells in Clcn3™~ in this brain region (Fig. 2C). Despite the significant loss of neuronal nuclei and activation
of astrocytes and microglia in the thalamus in both mouse lines, the adult Clcn3'¥ hippocampus remained
unaltered (Suppl. Fig. 1C,G). No decrease in size, no deformation and no degeneration was observed in the
hippocampi of adult Clen3!* mice. In agreement with Stobrawa, et al.?’, at P70, the hippocampus of Clcn3™~
was absent in contrast to that of Clcn3'* mice (Suppl. Fig. 1C,E). Clcn3™~ and Clcn3'¥* striatum did not show
obvious alterations in the neuronal distribution or number of reactive astrocytes compared to the WT striatum
(Suppl. Fig. 1B,D,EG). Moreover, higher levels of IR for GFAP were detected in the brainstem but not in the
motor cortex of Clen3'/* mice (Suppl. Fig. 2). These observations support the notion that the radiotracer cis-
F-D-proline preferentially accumulates in brain areas with neurodegenerative processes and identified neuronal
atrophy accompanied by gliosis in the Clcn3'¥* thalamus.

Differential CIC-4 expression levels between hippocampus and thalamus in wild-type mice

The above findings imply that the primary reason for degeneration in the thalamus of Clcn3'*¢ and Clen3~~ mice,
but not in the hippocampus of Clcn3'¥*® animals, is the absence of 2CI"/H* exchange activity in the thalamus of
both animal models. Given that CIC-3'* conserves its ability to heterodimerize with its paralog CIC-42!, thelack
of hippocampal degeneration in the Clcn3'¥ mouse brains could be attributed to the presence of CIC-4 in this
brain region, which ensures the maintenance of endosomal 2C1-/H* exchange activity, preventing degeneration?!.
In contrast, low levels of CIC-4 expression in the thalamus, a scenario that likely leads to the formation of
homomeric CIC-3'*/CIC-3'¥* dimers, might result in the loss of 2CI"/H* transport function and subsequent
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thalamic degeneration in Clcn3'¥* mice. Consistent with this hypothesis, QRT-PCR experiments revealed low
levels of CIC-4 mRNA transcripts in the WT thalamus, while CIC-3 mRNA levels were substantially higher
(mRNA levels relative to 18S in WT for CIC-4; 0.00254 +5.31577E-4, n=4 mice vs CIC-3; 0.37211+0.03661,
n=3 mice). As the quality of the cDNAs and primer binding efficiencies may vary and affect the calculation
of fold changes on gene expression, we conducted immunoblotting of thalamic lysates using anti-CIC-3 and
CIC-4 antibodies and compared the relative CIC-3 and CIC-4 protein levels with those in the hippocampus
(Fig. 3). Whereas WT hippocampus and thalamus showed comparable proteins levels for CIC-3 (Fig. 3A and
3B), the levels of CIC-4 were significantly lower in the thalamus than in the hippocampus (Fig. 3C and 3D).
These observations suggest a differential expression pattern for CIC-4 between the thalamus and hippocampus.
They are consistent with a scenario where a significant proportion of CIC-3 forms homodimeric CIC-3/CIC-3
complexes in the WT thalamus, while CIC-3/CIC-4 heterodimers are predominant in the hippocampus.

Homeostatic regulation of electrophysiological properties in thalamic neurons requires
transport-competent 2Cl-/H* exchangers

In the majority of neurodegenerative disorders, neuronal death is functionally linked to alterations in the electrical
properties of neurons®®. To investigate this, we examined neurons located at the edge of the neurodegenerative
area in the thalamus (Fig. 4). Using patch-clamp recordings with acute brain slices prepared from P60 Clcn3'*
and WT mice, we evaluated the electrophysiological and morphological properties of thalamic neurons within
the VBC. Neurons were patched with biocytin-containing pipettes, histologically processed after the recordings
and subsequently morphologically reconstructed (Fig. 4A,B). CIC-3 transport-deficient Clcn3'* thalamic
neurons exhibited significant changes in their electrophysiological properties. Active properties such as action
potential (AP) threshold, amplitude, and the amplitude of the afterhyperpolarization (AHP) were significantly
altered in the Clcn3'* thalamic neurons compared to WT neurons (AP threshold WT -422+2.3 mV
vs Clen3@t _38.9+3.4 mV, absolute/relative increase 3.3 mV/7.8%; AP amplitude WT 93.1£82 mV vs
Clen3''4 108.5+10.3 mV, absolute/relative increase 15.4 mV/16.5%; AHP amplitude WT 12.3+3.8 mV vs
Clcn3'* 16.8+2.9 mV, absolute/relative increase 4.5 mV/36.6%; AP half-width WT 0.795+0.303 ms vs
Clen3''4 0,799 +0.313 ms; absolute/relative increase 0.004 ms/5.0%). Figure 4C-E and Suppl. Table 1). The AP
threshold was shifted to more depolarizing potentials, and the amplitude of both AP and AHP was higher in
the mutant than in the WT (Fig. 4D and 4E). In contrast, no differences were observed in the passive electrical
properties of the thalamic neurons (Suppl. Table 1). Resting membrane potential, membrane input resistance,
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Fig. 3. Brain region-specific expression levels of CIC-3 and CIC-4. To test for relative expression levels,
immunoblots of protein preparations from the hippocampus (H) and thalamus (T) of five WT (black

up triangles) mice were probed with antibodies against CIC-3 (A) and CIC-4 (C) as well as GAPDH for
normalisation. Quantification revealed no difference in CIC-3 expression between hippocampus and thalamus
(B), whereas CIC-4 levels were significantly lower in the thalamus than in hippocampus (D). n=5 mice. Error
bars represent the standard error of the mean. Individual values are shown as triangles. ***P<0.001 for the
Wilcoxon-Mann-Whitney rank test.
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Fig. 4. Electrophysiological and morphological properties of thalamic neurons from WT and Clen3** mice.
(A) Differential interference contrast (DIC) image (left) of a living thalamocortical slice during whole-cell
patch-clamp recordings from a thalamic neuron (asterisk). Hippocampus (H), striatum (S) and neocortex
(Neo) are marked for orientation. (B) Representative patch-clamp electrophysiological trace from a WT
thalamic neuron, illustrating the firing behaviour in response to varying levels of current injection. (C) the
corresponding photomicrographs of the neuron shown in (A) after fixation and staining. The posterior medial
nucleus (POm) is located on the left side of ventrobasal complex (VBC) (lighter area). The stained thalamic
neuron outlined with a dotted circle. A somatodendritic reconstruction of the patched thalamic neuron from
(A) is shown on the right. Electrophysiological parameters such as AP threshold (D), AP amplitude (E),

AHP amplitude (F) were significantly different in the P60 Clcn3# neurons when compared to the WT. In
contrast, AP half-width (G) and most of the neuron’s morphological parameters (H,LK) did not differ between
phenotypes except for number of bifurcations nodes (J). H, hippocampus. Neo, Neocortex. WT, n=10 and
Clcn3', 1 =10 thalamic neurons. Error bars represent the standard error of the mean. Individual values are
overlaid as black up triangles for WT and red squares for Clcn3!1d *p < 0.05, **P<0.01, **P<0.001 for the
Wilcoxon-Mann-Whitney rank test.
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and time constant T_ in Clen3'* did not differ from WT (Suppl. Table 1). Both Clcn3¥*¢ and WT thalamic
neurons retained the ability to generate rebound bursting near the end of negative current injection, attributed
to the activation of low-threshold Ca*" currents®. Changes in action potential properties suggest that the 2Cl7/
H* exchange mediated by CIC-3 is essential for maintaining the proper electrophysiological features of thalamic
neurons.

Dendrites represent the integrative units of neurons, and alterations in their morphological properties
may be causally related to aberrant electrophysiological characteristics*’. Therefore, we reconstructed the 3D
morphology of the recorded neurons and performed a detailed morphometric analysis of Clcn3¥* and WT
thalamic neurons. The total dendritic length, the number of primary dendrites, their branching pattern, and the
number of terminal endings were examined. Except for the number of bifurcation nodes, no major differences
between Clcn3'%/*d and WT mice were identified (Fig. 4G-J and Suppl. Fig. 3). The higher number of bifurcation
nodes for Clen3'¥' compared to WT mice indicates an increased complexity in the branching pattern of Clen3'¥*
neurons. These observations exclude the possibility that alterations in the electrophysiological properties of
Clcn3'%/ thalamic neurons are due to changes in dendritic morphology. Conversely, they emphasize the crucial
role of 2CI"/H" exchange activity in ensuring optimal neuronal function.

Behavioural phenotype of Clcn3!%¢ mice

To investigate the impact of the thalamic degeneration in Clcn3'¥* mice on animal behaviour, we aimed at a
longitudinal characterization of Clcn3'¥* and Clcn3™~ mice at different developmental stages, ranging from
P20 to P60, in comparison to their heterozygous and WT littermates. Overall, Clcn3'¥*® mice were viable and
fertile and showed no obvious differences in anatomy and behaviour in their home cage. On average, Clcn3'¥/t
mice were slightly smaller than WT or Clen3*/*, with reduced body weight at all ages tested (Fig. 5A). Body
weight generally increased with age (two-way RM ANOVA, Clen3* P<0.0001, F(3,72)=48.37 and Clcn3™/~
P<0.0001, F(3,90)=93.98). Significant differences in body weight development were observed in mutant mice
(two-way RM ANOVA, interaction genotype per age, Clen3'1d p=0.0064, F(6,72) =3.29 and CICn3~~ P=0.0067,
F(6,90) =3.21). Despite these differences, Clcn3'* mice reached a normal lifespan without premature death, in
contrast to 70% of the Clcn3~~ mice?.

Primary screening with the SHIRPA test battery revealed overall lower levels of sensory perception and
motoric abilities (cornea reflex, alertness, startle and touch response, hanging behaviour) resulting in significantly
higher SHIRPA score values for Clen3'9'd when compared to their littermate controls and Clcn3~~ (Clen3t/,
P=0.0028, F(2,16)=8.69 and Clcn3~~; P<0.0001, F(2,34)=52.72, two-way RM ANOVA, Fig. 5B and Suppl.
Table 2). The drop in SHIRPA scores for both mouse lines at P30 likely indicated age-related improvements
of the mice during maturation, followed by progressive dysfunction during aging. Nest-building capabilities
were assessed as indicators of well-being and complex motor functions (Fig. 5C and Suppl. Table 2). At P30,
regardless of their genotype, all mice demonstrated relatively low nest-building abilities. Whereas Clcn3*/%,
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Fig. 5. Phenotypic and behavioural characterization of Clen3* and Clen3™~~ mice revealed similarities in
their impaired behaviour. (A) Homozygous (red squares) Clen3* and Clcn3~'~ mice showed significantly
lower body weights during postnatal development compared to their WT (black up triangles) and
heterozygous (blue down triangles) littermates. WT knock-in, n=12; Clcn3**, n=6 and Clen3'¥', n=12;

WT knock-out, n=11; Clen3*/~, n=13 and Clcn3™~, n=12. (B) Higher SHIRPA scores in Clcn3'¥*¥ and
Clcn3™~ mice across a longitudinal experimental setup spanning 40 days indicate a significant lower overall
sensory perception and motor coordination. (C) Nesting performance remained significantly low for Clcn3'
and Clcn3~~ mice, while Clcn3*/* and Clen3*/~ and WT littermates began to build nests and significantly
improved their nesting performance during maturation. WT knock-in, n=6; Clen3*/'%, n=6 and Clcn3'¥*
n=7; WT knock-out, n=11; Clcn3*~ n=14 and Clcn3~~, n=11. Data are presented as mean + SEM. Statistical
calculations were conducted by Repeated Measures Parametric ANOVA with Fisher post-hoc test. Significant
data for groups compared to WT are marked by asterisks. *P<0.05, **P<0.01, ***P<0.001.
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Clcn3*~, and WT mice improved nesting abilities with age, reaching a nesting score of ~4 at P60, Clcn3'9* and
Clen3™~ mice showed a significantly impaired nesting performance (Clen3'; P<0.001, F(2,32) =16.06 and
Clen3™=; P=0.0005, F(2,66) = 8.45, two-way RM ANOVA, Fig. 5C and Suppl. Table 2). Clcn3*/~ mice showed a
moderate, yet significant decline in nesting performance at P60 compared to their WT littermates. In contrast,
Clen3'%% and Clen3™~ mice were completely incapable of learning and building complete nests (Fig. 5C and
Suppl. Table 2). To assess locomotor, explorative, and anxiety-related behaviour, we performed an open field
test with the Clcn3'* mice (Fig. 6). There was no discernible difference in the explorative behaviours among
WT, Clen3*/t, and Clen3'%/* mice, with all mice spending more than 80% of the evaluated time at the border
zones and less than 20% at the centre (Fig. 6A). Although these observations indicate no abnormalities in the
explorative behaviour, Clcn3'*@ mice showed significantly higher overall locomotion. They covered almost twice
the distance travelled by their littermates (two-way RM ANOVA, P=0.0008, F(2,16) =11.37, Fig. 6B), suggesting
hyperactivity. Additionally, a significantly altered locomotion over time was observed (two-way RM ANOVA,
interaction genotype per age, P=0.0012 F(6,48) =4.43).

To analyse basal ganglia-associated movement dysfunction in Clen3'* mice, the vertical pole test was
performed (Fig. 6C). Generally, pole performance was significantly impaired in Clen3*¢ mice across all ages
compared to their littermates (two-way RM ANOVA, P<0.0001, F(2,16)=50.95) as highlighted by high pole
score values (Fig. 6C and Suppl. Table 2). In addition, statistical analyses showed a significant alteration in
pole performance over time, with lower pole scores observed during development (two-way RM ANOVA,
interaction genotype x age, P=0.0081, F(6,48) =3.33). In contrast to WT and Clcn3**, pole performance in
Clen3'%/ declined with age. These findings suggest that ablation of the 2CI"/H* exchange function of CIC-3 leads
to neuronal dysfunction and subsequent thalamic degeneration, ultimately resulting in behavioural deficits.

Discussion

Using the PET-radiotracer cis-F-p-proline technology in combination with the transport-deficient Clcn3'*
knock-in and Clen3™~ mouse models and electrophysiological recordings, we have uncovered a brain region in
which the functionality and viability of neuronal cells tightly depend on the 2Cl7/H* exchange function of CIC-3
homodimers. Notably, we found a substantial accumulation of the radiotracer cis-F-p-proline in the thalamus
of Clen3™~ and Clen3'“* mouse models (Fig. 1), which correlates with a significant reduction in the neuronal
population and the activation of neuroinflammatory processes (Fig. 2). Clcn3'/* thalamic neurons exhibited
aberrant electrical properties (Fig. 4). In multiple behavioural tests, we primarily observed a motor phenotype of
Clcn3'" mice, suggesting a link between thalamic degeneration, altered neuronal excitability, and behavioural
dysfunctions in this mouse model (Fig. 4 and 5).

CIC-3 and CIC-4 are co-expressed in the hippocampus, and the integrity of this brain region depends
on the presence of functional CIC-3!3-2% as well as CIC-3/CIC4 heterodimers?"*. Disentangling deficits in
ion transport mediated by CIC-3 homodimers versus CIC-3/CIC-4 heterodimers in the brain is challenging.
Therefore, to investigate which brain regions, in addition to the hippocampus, are functionally dependent on the
presence of CIC-3 homodimers, we used a transport-deficient Clen3'/ mouse and employed a highly sensitive
radiotracer®* to detect neurodegenerative processes in the brain of this animal model. For comparison, Clcn3~/~
and WT mice were used. We found neurodegeneration in the thalamus of both mutant mouse models, but not
in the hippocampus of Clcn3'¥/* mice. Neurodegeneration in the thalamus of Clcn3'¥** mice was unexpected,
since Clen3! carries a point mutation (p.E281Q) that abolishes the anion transport function of CIC-3 without
affecting its capability to heterodimerize with CIC-42!. Therefore, the absence of neurodegeneration in the
hippocampus of Clcn3'¥* mice could be primarily ascribed to the presence of functional CIC-4 as heterodimeric
CIC-3/CIC-4 complexes?*0. We hypothesized that the absence of ion transport by CIC-3/CIC-4 heterodimers in
the thalamus results in neuronal dysfunction and subsequently degeneration within this brain region. Although,
at P30, neurodegeneration and inflammation were comparable between Clen3~~ and Clen3'9' mice, at P70,
the accumulation of cis-F-p-proline and levels of CD11b-positive cells increased further in the thalamus of
Clen3™~ mice only. However, the number of neurons in this brain region was equally low at P70, arguing for a
comparably severe neurodegeneration triggered by the loss of the transport function and the complete absence
of CIC-3, respectively.

The endosomal presence of CIC-4 depends on the protein levels of CIC-3 and CIC-4%%°. Therefore, higher
CIC-3 levels relative to CIC-4 in a given brain region predict a preferential assembly of homodimeric CIC-3
complexes. We demonstrated that in WT thalamus and hippocampus, CIC-3 protein levels are similar, while
CIC-4 levels are lower in the thalamus compared to the hippocampus (Fig. 3). This scenario is consistent with our
hypothesis and suggests an excess of CIC-3 resulting in the formation of CIC-3 homodimers and less CIC-3/CIC-
4 heterodimers in the WT thalamus. Therefore, it is conceivable to assume a predominant association of CIC-3/
CIC-4 in the hippocampus and of homodimeric CIC-3/CIC-3 in the thalamus. Indeed, the Clcn3'/* thalamus
recapitulated the phenotype observed in the hippocampus of the double mutant mice Clcn3'*/Clend=~ and
Clcn3vneluncClend~'= wherein the absence of 2Cl/H* endosomal function leads to loss of neurons?>*. Thus,
we concluded that the viability of thalamic cells critically depends on endosomal 2Cl7/H* exchange provided by
CIC-3 homodimers.

Neuronal death is the central pathogenic process in all neurodegenerative disorders. Gaining insight into the
events preceding neuronal loss, such as alterations in the electrophysiological properties of neurons, is crucial for
understanding the underlying molecular mechanisms of the disease*!. Ex vivo electrophysiological examination
of Clen3'* neurons in the vicinity of the degenerating area in the thalamus showed changes in the action
potential waveform. We found a depolarizing shift in the spike threshold, larger AP amplitudes, and higher
AHP values. The AP threshold is a readout of cell excitability and depends on the properties and density of
Na* channels. However, K* channels can play an adaptive role. A shift to more depolarizing potentials in the
excitability threshold indicates that Clcn3* neurons are less excitable than WT. The activation kinetics and
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Fig. 6. Clcn3'" mice exhibited hyperactivity and dysfunctions in their motor coordination in the open field
and pole test. (A) Clcn3'* (red squares) mice exhibited similar exploration times in the defined centre or
border zones of the open field arena compared to Clcn3*/* (blue down triangles) and WT (black up triangles)
littermates. However, they demonstrated significantly higher total movement distance, indicating hyperactivity
throughout postnatal development (B). The moved distance was progressively higher in Clcn3* mice during
postnatal development, further highlighting their hyperactive behaviour. (C) Evaluation of the pole test,
assessing basal ganglia-associated movement dysfunctions, revealed significantly impaired performance in
Clcn3'%/' mice, with a trend towards improvement during maturation. Data are presented as mean + SEM.
Statistical calculations were conducted by Repeated Measures Parametric ANOVA with Fisher post hoc test
WT vs. Clen3'14, WT, n=6; Clen3*, n=6; Clen3'9, n=7. Significant data are marked by asterisks. **P<0.01,
**P<0.001.

density of Na* channels drive the rising phase of the AP. In this context, higher AP amplitudes may reflect
a larger density of Na* channels in the Clen3'* condition. However, less excitable Clcn3'* cells with more
Na* channels at the plasma membrane are counterintuitive. Thalamic neurons express Na 1.1, Na 1.2, Na 1.3,
and Na 1.6 sodium channels*2, and all of them can modulate the action potential threshold*’. Among these,
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Navl.3 exhibits the highest threshold*’. Thus, it is tempting to speculate that a defect in Na_1.3 expression or
trafficking contributes to the observed changes in the action potential waveform in Clen3** neurons. Given
that direct evidence linking CIC-3 transport deficiency to Navl.3-specific dysregulation is currently lacking,
further investigation is required to determine whether CIC-3 regulates expression, localization, or functional
modulation of Nav1.3 or other Nav isoforms. AHP is typically delineated by the activation of large-conductance
calcium-activated potassium channels (BK), K7 (KCNQ), small-conductance calcium-activated potassium
channels (SK) and hyperpolarization-activated cyclic nucleotide-gated (HCN) channels, all of which can be
found in the thalamus*4~*%. The mechanisms controlling the magnitude of AHP are important determinants of
neuronal excitability, as they serve to regulate the AP thresholds*’. We have recently demonstrated that Cl~/H*
exchangers are critical regulators of neuronal excitability in hippocampal pyramidal neurons®®. Specifically, we
showed that CIC-3 modulates action potential threshold and the amplitude of the AHP by regulating the density
of Kv7/KCNQ potassium channels*. In the present study, the voltage sag, a hallmark feature associated with HCN
channel activity, was not different between WT and Clen3'd neurons (WT 21.1% + 5.5 vs Clen3'4/' 14.5% + 6.3,
P=0.10), suggesting that HCN channels are unlikely to contribute to the increased AHP. This evidence strongly
suggests that the increased AHP amplitude observed in Clcn3'“* neurons is more likely due to an increase in
Kv7/KCNQ channel density rather than BK, SK, HCN channels or a homeostatic compensatory mechanism
such as altered ion channel expression.

The enhanced AHP and a depolarizing shift in the action potential threshold in Clcn are consistent with
the notion that the 2Cl7/H* exchange activity of CIC-3 is required for maintaining the electrogenic balance in
neurons?!. Given the existence of two major CIC-3 isoforms in the CNS, with CIC-3b found in lysosomes and
CIC-3c enriched in recycling endosomes’, both lysosomal and recycling endosomal defects could be responsible
for the mutant phenotype in Clcn3'*?, However, while neurons also express CIC-6 and CIC-7, the predominant
lysosomal ClI7/H* exchangers!?, only CIC-3c is present in recycling endosomes®. This compartment-specific
distribution suggests that, in Clcn3-deficient or Clcn3 transport-deficient neurons, recycling endosomes are
more severely affected than lysosomes. While disruptions in endosomal pH, in particular within lysosomes,
can impair protein sorting and degradation, we propose that recycling endosomes may be more affected in
the Clen3'/ model, as they lack compensatory Cl/H* exchangers such as CIC-6 and CIC-7%'%'7. Clen7~/~
mice, which lack one of the major lysosomal Cl7/H* exchangers, exhibit a more severe neurological phenotype
than Clcn3™~ mice'”%, reinforcing the view of compartment-specific vulnerability among CLC transporters.
Our data, from two independent neuronal types*®*°, support a model in which CIC-3-dependent alterations
in intrinsic excitability contribute significantly to neuronal function, vulnerability and degeneration. While the
contribution of lysosomes’ pH disruption should not be overlooked, excitability changes, particularly through
Kv7/KCNQ channel regulation, represent a crucial and underappreciated mechanism underlying CIC-3 function
in neuronal survival and plasticity. Altogether, this evidence suggests that a defect in the mechanisms regulating
the trafficking of important ions such as Na* and K* is the most likely cause of neuronal electrical failure and,
thus, thalamic neurodegeneration in the CICn3'41d mouse model. Consistent with this, the observed alteration in
the number of dendritic bifurcations may reflect a less differentiated neuronal morphology, potentially resulting
from dendritic retraction associated with the early stages of neurodegeneration. Due to its central role as a relay
station of many afferent and efferent neuronal connections, the thalamus is prone to neurodegeneration, as
shown for multiple sclerosis and other disease conditions®®>!.

The behavioural characterization of the Clen3'* mice revealed deficits primarily associated with motor
function, including locomotion, motor strength and motor coordination. These deficits were evident across
different ages and revealed by multiple assessments such as the SHIRPA test battery, open field test, pole test and
nest building abilities (Fig. 5 and Fig. 6), resembling the motor deficit observed in the Clcn3™~ mice. Clcn3'¥*
and Clcn3™~ mice exhibited reduced body weight compared to their WT littermates and performed very similarly
in the SHIRPA test battery and the nest building test. Furthermore, Clcn3'*d mice displayed clear signs of
hyperactivity in the open field test, consistent with previous observations in Clcn3™~ mice'*?. Impairments
in motor coordination were evident from the pole test, although improved performance with repeated training
suggested intact motor learning, a characteristic also noted in Clcn3~~ mice?®. However, for an exact comparison
of the motor learning and pole test performance of the two lines, side-by-side comparisons within the same lab
would have been necessary. Nevertheless, additional deficits in motor strength and coordination, assessed with
both lines by the hanging wire test as part of the SHIRPA test battery, were consistent with findings reported by
Yoshikawa, et al.!® for their Clcn3~~ mouse model, and were similarly observed in both Clcn3'*@ and Clcn3~~
lines. Previously, we reported an additional phenotype in Clen3™ mice, i.e. higher sensitivity towards thermal
and chemical noxious stimuli?! and similar results were obtained for the Clcn3/* line (Suppl. Fig. 4). Given
that the somatosensory system responsible for nociception involves nuclei of the VBC in the thalamus®>*, these
findings suggest a link between the observed pain-sensitivity phenotype and the neurodegeneration identified in
the thalamic region of Clcn3/* and Clcn3™~ mice. An additional explanation for the higher pain sensitivity of
Clen3%' mice could be the enhanced electrical activity of peripheral nociceptors and inflammatory processes in
the spinal cord, as observed in Clen3~~ mice?!. The connectivity of the VBC to visual inputs has been previously
documented®, suggesting a potential link between thalamic neuron loss and the retinal degeneration observed
in Clcn3~~ and Clcn3'¥ mice, as shown by Sierra-Marquez, et al.!. In addition, the VBC is interconnected to the
pons in the brainstem®>*¢, where we found higher levels of neuroinflammation. This inflammatory response and
dysfunction within the pons may contribute to disturbances in motor function. Indeed, an imbalance between
inhibitory and excitatory neurons in the brainstem has been associated with hyperactivity and ADHD-like
behaviour®”. Brain MRI scans of human CLCN3 mutant carriers revealed several neuroanatomical differences,
including misfolded hippocampi, hypoplastic pons and corpus callosum, and lower white matter volume!>15.
While we did not observe overall changes in white matter or corpus callosum in the brains of Clcn3™ or
Clen3'' mice, the pathological similarities of our animal models with CLCN3-related patients in the pons are
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striking. However, hypoplasia of the thalamus has not yet been reported in CLCN3 mutant carriers, and detailed
analysis of neuroinflammation in this context remains pending.

In summary, the similar phenotypes observed in Clen3“/* and Clen3~~ mice regarding motor-related deficits
correlate with the neurodegenerative processes identified in the thalamus of both mouse lines. However, while
neurodegeneration in the thalamus and hippocampus results from a shared functional defect, distinct molecular
mechanisms appear to underlie these processes, with hippocampal neuronal loss being specific to Clcn3~~ mice.
Moreover, the observed phenotype in both mutant Clcn3 mouse lines reflects clinical symptoms reported in
CLCN3-related patients'®!®. The reduced body weight and hyperactivity observed in the mutant mice correspond
to documented instances of failure to thrive and hyperactivity/restlessness in certain CLCN3 mutant patients'?,
while delayed motor development and hypotonia in CLCN3 patients align with deficits observed in mouse
behavioural tests. However, the clinical symptoms of patients harbouring CLCN4 mutations do not clearly
correspond with those of CLCN3 patients, suggesting that CIC-3 and CIC-4 may have distinct roles in neuronal
function. The discrete expression patterns of CIC-3 and CIC-4 in the thalamus and hippocampus suggest that the
presence of either homodimeric CIC-3 or heterodimeric CIC-3/CIC-4 assemblies within specific brain tissues
may be crucial in the disease aetiology of CLCN3/4 conditions. This underscores the complexity of the interplay
between these transporters and their assembly states in the pathogenesis of CLCN3/4-related conditions.

In conclusion, our findings emphasize the critical role of endosomal 2CI7/H*-exchange activity within
the thalamus. The absence of either CIC-3/CIC-4 heterodimers or functional CIC-3 homodimers leads to
neurodegeneration in vulnerable brain regions and associated behavioural deficits. Furthermore, our study
highlights the significance of the thalamus in understanding the pathophysiology related to CLCN3. We propose
that combining the PET-tracer cis-F-D-proline, which sensitively detects neurodegeneration, with MRI could
serve as a valuable clinical tool for detecting pathological changes and monitoring disease progression in patients
affected by the rare CLCN3- and CLCN4-related condition.

Materials and methods

Animals

The Clen3™~ knock-out mouse line was kindly provided by Dr. TJ. Jentsch (Leibniz-Forschungsinstitut fiir
Molekulare Pharmakologie). Clcn3*/* knock-in mice were generated by homologous recombination by Cyagen
(Cyagen Biosciences Inc, USA) and maintained in-house as heterozygous by continuous cross-breeding with
C57BL/6 as previously described®!. By intercrossing heterozygous Clcn3** mice of either genotype, WT,
heterozygous Clcn3**, or homozygous Clen3'' mice were generated. WT and Clcn3™~ mice were used as
controls. Genotypes were identified by a specific PCR-based genotyping protocol using the KAPA Mouse
Genotyping Kit (Kapa Biosystems/Roche, KK-7302, Wilmington, MA, United States), according to the
manufacturer’s instructions. The following set of primers was used: forward 5-CACGGGATCACAGTAGTG
AAAGG-3" and reverse 55CGCTGCAGTCCATTAAACAGTTTC3’; fragments 332 bp and 250 bp for mutant
and WT were expected. Mice were housed under controlled conditions with a 12/12 h light/dark cycle (lights on
from 7 a.m. to 7 p.m.), humidity of 55+ 10%, constant room temperature of 22 °C, and food and water available
ad libitum.

Behavioural test setup

Longitudinal characterization of mixed genders of WT, Clcn3** and Clcn3'¥*® and Clcn3~~ mice at the age
(mean+SD) of postnatal 21+2 (P20), 30+2 (P30), 41+3 (P40), 60+4 (P60) based on the following tests:
phenotype assessment using the SHIRPA test battery®®, motor balance and coordination were further investigated
with the nesting® and modified pole test®. All mice were weighed and habituated for 30 min in single cages
prior to tests (except P20 mice, which stayed in their home cages with siblings). Experiments were performed
in a chronological order for each cohort, and experimenters were blinded to genotype. Suppl. Table 3 gives an
overview of the mice in the study.

SHIRPA phenotype assessment

The primary behavioural screen of the SHIRPA test battery was used to evaluate motorsensory behaviour and
reflexes®®. Mice were individually observed and scored in their home-cage or in the arena (B19.5 cm x H55 cm
x W33 cm) in the subtests: restlessness, apathy, grooming, stereotyped behaviour, convulsions, abnormal body
carriage, alertness, abnormal gait, clasping, hanging wire, startle response, touch response, pinna reflex, cornea
reflex, whisker touch response, pain response. Scoring was defined from 0 (similar to WT) to 3 (extremely
changed) and summed up as SHIRPA score of each mouse.

Pole test

Basal ganglia-associated movement dysfunctions were assessed with the modified pole test as previously
described®. Briefly, mice were placed with their head downwards on top of a vertical pole (50 cm height) to
rate their movement from 0 (running continuously) to 3 (not able to move, falling down). The procedure was
repeated three times, and summed scores were used for analyses.

Nesting test

The nesting test was performed to analyse rodents’ natural behaviour in constructing nests with provided
materials, aiming to protect their litters and preserve heat™. For instance, lesions in hippocampal regions could
result in the loss of species-typical behaviour. Thus, the mouse’s nesting competence can provide insights into
both its motor coordination and cognitive performance®!. Mice were housed separately overnight, with food and
water ad libitum. A cotton “Nestlet” was offered for environmental enrichment. After 16 h, nests and condition
of residues from Nestlets were evaluated by two independent experimenters with a modified 5-point-scoring
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system by Robert M.J. Deacon: 1>90% undamaged; 2, 50 to 90% cotton shredded in cage; 3,<50% intact, no
obvious nest; 4, 100% shredded, flat nest without walls; 5, 100% shredded, perfect surrounding nest.

Open field test

Anxiety-related, explorative behaviour and locomotion of Clcn3* mice were analysed in the open field test.
Therefore, mice were placed in the right corner of a square-shaped arena (L44 cm x W44 cm x H40 cm).
Lighting was maintained at 400 to 500 Ix during experiments. Mice could move freely for 20 min in the arena,
which was virtually divided into a border (11 cm from the wall) and a centre zone (22 cm x 22 cm middle part).
Video tracking software EthoVision XT (Noldus Information Technologies Wageningen, Netherlands) was used
to evaluate the distance moved in the zones (cm), the time spent in the arena zones (s) and velocity (cm s71).

Ex vivo autoradiography

All animals in this study were anaesthetised with 5% isoflurane supplied at a flow rate of 2 1/min using an
anaesthetic vaporiser (Eickemeyer) and subsequently euthanised by decapitation. The tracer cis-4-['8F]-
D-proline (cis-F-p-proline) was used to assess potential neurodegeneration and was produced as previously
described®®%3, After anaesthetising, mice (WT, Clen3'“* and Clcn3™~ mice at the age of (mean+SD) 27+2
(P30) and 67£6 (P70) days) were injected with cis-F-p-proline into the tail vein. After 2 h of tail injection,
mice were decapitated and used for ex vivo autoradiography. The activity of the tracer was set to 15 MBq per
150 uL injection volume. Brains were dissected and snap-frozen in liquid isopentane (—50 °C). Frozen 20 pm
sections of the right brain hemisphere were sliced with a cryostat (Leica CS305 S, Leica Biosystems Nussloch
GmbH, Germany). Slices were collected beginning at 3.44 mm to 1.42 mm lateral to Bregma, corresponding to
the standard sagittal anatomic mouse brain atlas®. For quantification of the tracer accumulation in the brain
tissue, 20 pm standard tissue sections of homogenized chicken liver, incubated with defined cis-F-p-proline
concentrations (1.5 MBq, 0.8 MBgq, 0.4 MBq, 0.2 MBq and 0.04 MBq) were sliced and co-exposed overnight
with the mouse brain samples to a Fuji BAS phosphor imaging plate TR2025 (Fuji, Japan) in a light-impermeable
photo cassette. For evaluation, phosphor imaging plates were scanned using a BAS Reader 5000 (Fuji, Japan),
recorded with a width of 4, sensitivity 10,000 and resolution of 25 um. Finally, monochromatic pictures were
evaluated with the Advanced Image and Data Analyzer Software AIDA v4.50 (Raytest Isotopenmessgerite
GmbH, Germany). Circular regions of interest (ROIs) with 0.4 mm diameter were defined in areas of the
hippocampus, thalamus, striatum and brainstem. Region calibration of 1F tracer accumulation in the standard
tissue sections and subtraction of background uptake was performed additionally. Tracer accumulation was
finally evaluated as the mean standardized uptake value SUV + SEM for every 10th section between 2.44 mm to
1.44 mm lateral to Bregma for hippocampus, striatum and brainstem (number of slices, #=6 per animal) and
thalamus between 1.84 and 1.44 mm (number of slices, n=3 per animal). The standardized uptake value was
calculated as follows:

SUV:%-LU (1)

Basic SUV was calculated as the quotient of radioactivity concentration [MBq-g"!] measured within the ROI of
the autoradiogram, N (t) is the decay corrected amount of injected radiolabeled cis-F-p-proline (MBq), and w
the weight of the mouse (g). Due to decay, values were corrected for the time of tracer injection into the mice:

N(t)=Np-e )

with No being the radioactivity at the time point of tracer injection (MBq), A the decay constant of ['8F] in
(1'min™') and the interval ¢ as time between injection and final measured radioactivity in (min). Since no
significant differences were found in the cis-F-p-proline SUV in the brainstem of all groups, this brain region
was considered a suitable reference region (Suppl. Table 4). Therefore, a ratio SUV (SUVR(Brainstem)), with the
brainstem as reference region, was evaluated to compare tracer accumulation in the ROIs, normalized to the *F
background signal of the brain tissue.

Immunofluorescence staining

For brain extraction, mice were deeply anaesthetised with isoflurane (Isothesia 1000 mg/g liquid, Henry Schein
Vet GmbH, Germany) and hemispheres separated for further preparation. 20 pm thick sections were fixed with
either 4% formaldehyde or ice-cold (~4 °C) acetone for 10 min. Antigen retrieval with 70% formic acid and
15 min incubation was required for CD11b staining. Between incubations, slides were washed three times with
different buffer solutions for 5 min, respectively with Tris-buffered saline (TBS), if required containing Triton-X.
Afterwards, incubation of the sections with the initial primary antibodies (Anti-GFAP rabbit polyclonal, Dako
GmbH, Germany, Mouse Anti-NeuN IgG1, clone A60 Merck KGaA, Germany, Anti CD11b rabbit monoclonal,
Abcam plc, United Kingdom) in dilution buffers either containing normal goat serum and/or bovine serum
albumin (BSA), were incubated overnight at 4 °C (NeuN, GFAP) and RT (CD11b) in a humid and dark
chamber. Sections were washed thoroughly three times with desired buffers for 5 min, followed by incubation
with the secondary antibodies (Alexa Fluor 488 goat anti-mouse IgG (H+L); Alexa Fluor 488 goat anti-rabbit
IgG (H+L), Alexa Fluor 568 goat anti-rabbit IgG (H+L); 2 mg/ml; Thermo Fisher Scientific Inc., Germany),
diluted 1:500 in the appropriate dilution buffers and incubated for two hours at RT in a humid, dark chamber.
After counterstaining with 4',6-diamidino-2-phenylindole dihydrochloride (DAPI), slides were washed for
5 min each. Microscopy slides were mounted with Fluorescence Mounting Medium (Dako GmbH, Germany)
and dried over night at RT. Images were recorded with a Leica LMD 6000 microscope (Leica Biosciences LAS
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4.0, Leica). Motor cortex (MC) and brainstem (BS) images were recorded with a Zeiss Lumar V12 SteREO
microscope (AxioVision 6.4 RE, Zeiss). Quantification was performed with the open-source cell image analysis
software CellProfiler available at http://www.cellprofiler.org (Cell Image analysis software, version 3.1.8)%*. Image
analysis pipelines (provided serial analysis algorithms) were constructed to count NeuN positive cells and GFAP
and CD11b immunoreactive (IR) areas from the average of 3-5 slices of each mouse (WT n=5, CIC3!/td =g,
CIC37~ n=6). WT and CIC-3"/ glices (average of 2-3) were analyzed regarding reactive astrocytes with GFAP
in the motor cortex and brainstem (WT n=5, CIC-3'"" and -CIC3~/~ n=6). Image acquisition to guarantee
colour-blind safety was performed using Fiji (Image] 1.54f)%°.

RNA isolation and qRT-PCR

Hippocampus and thalamus were collected from P60 WT C57BL/6 mouse strain. RNA isolation and qPCR were
performed as previously described®®. Briefly, tissue samples were homogenized in TRIzol, mixed with chloroform,
and centrifuged to separate the RNA-containing aqueous phase. RNA was precipitated with isopropanol, washed
with ethanol, and then resuspended in RNase-free water. Genomic DNA was removed using DNase I (Thermo
Fisher Scientific, Ref. 18068015). For quantitative RT-PCR (qRT-PCR), cDNA was synthesized from 1 pg of
total RNA. Gene-specific primers for CIC-3 and CIC-4 were designed to target sequences in the coding region
of the mouse Clcn3 and Clcn4 genes that allow amplification of all the existing splice variants; for CIC-3 forward
5’- CCTCTTATGGCTGCAGTAATGACC-3/, reverse 5- GCACTGCCTCAGACCAAGCTT-3% CIC-4 forward
5-GACGTGGGGACCTACGAGGACTTCC-3, reverse 5- CACTCAAAATAGTCTTTATCTCGGGTATGCC-
3’. For the reference genes 18S (Genebank No. NR_003278.3), forward 5-CGCCGCTAGAGGTGAAATTCTT
G-3/, reverse 5- GTGGCTGAACGCCACTTGTCC-3". The qRT-PCR was performed using the Maxima SYBER
Green qPCR Master Mix (Thermo Fisher Scientific, Ref. K0251) and run on a BIORAD instrument (thermal
cycle C1000 Touch, CFX96 real-time system). The transcription levels of CIC-3 and CIC-4 were analysed and
compared to that of the reference gene (18S). The data were analyzed according to the CFX manager (Bio-Rad)
recommended protocols with single base line threshold auto calculated at 242 reference fluorescent units (RFU).

Immunoblotting

Hippocampal and thalamus tissue was dissociated and homogenized in RIPA buffer (150 mM NaCl; 50 mM
Tris-HCI, pH 8.0; 5 mM EDTA; 1% NP-40; 0.5% sodium deoxycholate; 0.1% SDS, pH 8.0) supplemented with
protease inhibitors (Roche, #11836145001) by passing the tissue 5 times though a 200 uL pipette tip followed
by 5 passes through a 27G needle. Cells were lysed for 30 min on ice and insoluble material was removed
by centrifugation at 16,000xg and 4 °C for 15 min. Supernatants were mixed with 4xLDS buffer (Invitrogen,
NP0007) supplemented with 400 mM DT'T, and heated to 70 °C for 15 min. After centrifugation for 16,000xg for
1 min, equal protein amounts (Pierce BCA Protein Assay Kit; Thermo Fischer, #23225) were separated by SDS-
PAGE (10% acrylamide gels, Tris/Glycine system) and proteins were transferred to nitrocellulose membrane
(Amersham, #10600002). After blocking unspecific binding sites with blocking solution (5% milk powder in
Tris-buffered saline supplemented with 0.05% Tween20 (TBS-T)), membranes were probed with specific rabbit
antibodies against CIC-3%° (kindly provided by Thomas Jentsch, FMP Berlin) and CIC-4% (kindly provided by
Thomas Jentsch, FMP Berlin), and mouse anti-GAPDH (abcam, #ab8245) diluted 1:1000 in blocking solution,
followed by incubation with HRP-labeled secondary antibodies (abcam, #ab205722 and #ab205724, respectively)
diluted 1:5000 in blocking solution. Antibody binding was visualized by enhanced chemiluminescence reaction
(Thermo Fischer, #34580) and imaged with a chemiluminescent imaging system (azure biosystems, #500Q).

Electrophysiology

Slice preparation

Preparation of acute brain slices. Mice were deeply anaesthetised and subsequently sacrificed. Brains were quickly
removed and transferred into ice-cold (~4 °C) slicing solution (206 mM sucrose; 2.5 mM KC; 25 mM Glucose;
25 mM NaHCO3; 1.25 mM NaHZPO 5 1 mM CaClZ; 3 mM MgClz; 3 mM myo-inositol; 2 mM Na-pyruvate;
0.4 mM ascorbic acid). Oxygenation and 7.4 pH levels were maintained with carbogen gas (95% O, and 5%
CO,). Thalamocortical slices (300 um in thickness cut from the rostral surface) were prepared using a vibrating
blade microtome (Leica VT1200S, Heidelberg, Germany)®®®, incubated at 35 °C for~0.5 h in an artificial
cerebrospinal fluid (aCSF) (125 mM NaCl, 25 mM p-glucose, 25 mM NaHCO,, 2.5 mM KCl, 2 mM CaClz,
1.25 mM NaH,PO,, 1 mM MgCl,) and gradually cooled down to RT before use.

Electrophysiological recording

Slices were transferred to the recording chamber and perfused continuously at a speed of ~5 ml/min with aCSF
bubbled with carbogen gas and maintained at RT. Neurons were visualized under an upright microscope, fitted
with 4x/0.13 numerical aperture (NA) and 40x water immersion/0.80 NA objectives (Olympus Deutschland
GmbH, Hamburg, Germany). Individual thalamic neurons were identified at 40x magnification under infrared
differential inference contrast (IR-DIC) microscopy’®’!. Patch pipettes (5-7 MQ) were pulled from thick-wall
borosilicate glass capillaries (outer diameter 2.0 mm; inner diameter 1.0 mm) and filled with an internal solution
containing: 135 mM K-gluconate, 4 mM KCl, 10 mM HEPES, 10 mM phosphocreatine, 4 mM Mg-ATP, 0.3 mM
GTP (pH 7.4,290-300 mOsm) supplemented with 5 mg/ml biocytin (13.4 mM) to obtain permanent staining for
morphological reconstructions after the electrophysiological recordings. The resting membrane potential (V)
was measured immediately after breaking the giga-seal to establish the whole-cell configuration. Membrane
potentials were not corrected for a junction potential, which was calculated to be —15.8 mV7%73. The recordings
were made using an EPC10 amplifier (HEKA, Lambrecht, Germany). Data were filtered at 2.9 kHz and sampled
at 10 kHz using Patch-master software (HEKA), and later analyzed offline using custom-written macros in Igor
Pro 6 (Wavemetrics).
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Electrophysiological data analysis

Resting membrane potential (V) and the series resistance (R,) were measured immediately after establishing
the whole-cell configuration. Only neurons with a stable V. below 55 mV and a R of less than 40 MQ were
included for the data analysis to guarantee a high recording quality. Passive membrane properties such as the
input resistance (R, ), membrane time constant(t ), voltage sag, and rheobase current were determined by
injecting 1 s rectangular current pulse from—50 A to+50 pA with a 10 pA step size into the neurons. When
injectinga 1 s 50 pA rectangular current pulse into thalamic neurons at V,_ (-~ 60 mV), rebound action potential
(AP) bursts will be generated near the end of current injections due to the activation of low-threshold Ca?*
currents®. Properties of rebound bursts, such as the number of APs and their duration, were calculated. The AP
threshold, half-width, amplitude, latency, and afterhyperpolarization (AHP) amplitude were measured for the
first spike elicited by a rheobase current injection. Maximum firing frequency and the slope of the frequency-
current (F-I) curve were measured for the spike train during a series of 1 s rectangular current pulse injections
from—-20 pA to maximum, in 25 pA increments. Only excitatory neurons were included in our analysis, as
they represent the predominant cell population in the VPM (ventral posteriomedial nucleus of the thalamus).
Inhibitory neurons are rare in this region (~1-4%)”%. We confirmed the excitatory identity of the recorded
neurons based on their electrophysiological properties, including action potential half-width, maximum firing
frequency, and rebound bursting behaviour.

Histological processing

After electrophysiological recordings, slices containing biocytin-filled neurons were processed using a protocol
described previously”. Slices were fixed in 4% PFA (12.9 mM) in 100 mM PBS for at least 24 h at 4 °C. To
block any endogenous peroxidase activity, slices were treated with 3% H,O, (29.4 mM) solution in PBS for
about 20 min, rinsed repeatedly using 100 mM PBS and subsequently incubated at RT in 1% avidin-biotinylated
horseradish peroxidase (Vector ABC staining kit, Vector Lab. Inc.) containing 0.1% Triton X100 for 1 h. This was
followed by chromogenic reaction by adding 0.5 mg/ml (13.4 mM) 3,3diaminobenzidine (DAB; Sigma-Aldrich,
USA) until the biocytin-filled neurons with distinct axonal and dendritic branches were clearly visible. Slices
were rinsed again with 100 mM PBS, dehydrated slowly for 2-4 h with an increasing ethanol series and cleared in
xylene (see Marx, et al.” for details). They were then mounted on gelatinized slides and embedded using Eukitt
medium (Otto Kindler GmbH. Germany).

Neuronal imaging and reconstruction

Slices containing the biocytin-labelled neurons were imaged at several magnifications of 2.5x, 10x, 20x and
450x with an Olympus BX53 microscope (Olympus, Hamburg, Germany) to obtain images of whole slices and
individual neurons. Biocytin-labelled neurons were morphologically reconstructed using Neurolucida® software
(MicroBrightField, Williston, VT, USA) on an upright microscope equipped with a motorized stage. An oil-
immersion objective at a magnification of 100x was used. The tissue shrinkage was corrected for the three-
dimensional neuronal reconstruction using correction factors of 1.1xin the x-y direction and 2.1xin the z
direction”.

Statistical analysis

Data are presented as the average mean *standard error of mean (SEM). Statistical analyses were performed
using a non-parametric Wilcoxon-Mann-Whitney two-sample rank test or the Single Measure Parametric
Analysis and Repeated Measures (RM) Parametric Analysis of InVivoStat (version 3.7.0) available on https://
invivostat.co.uk’®. Normal distribution was proven with the calculated normal probability plot of InVivoStat.
GraphPad PRISM (Version 8.3.1, GraphPad Software, Inc., USA) was utilized for data presentation and for
statistical calculations of unpaired students t-test (two-tailed), ordinary and RM two-way ANOVA. Tukey's post
hoc test was used. Values with P>0.05 were considered as not significant (n.s.). Blinding and randomization
were established via strict numbering of mice and samples based on their date and order of birth. Only gender
was disclosed for reasons of separation in the housing. The analysis of the microscopy images in CellProfiler was
predefined by the software in a randomized manner. To achieve a power of minimum 85%, a priori analyses with
InVivoStat, based on Harrison, DA and Bradys, resulted in n=8 per gender for behavioural analyses. However,
breeding for longitudinal testing resulted in smaller cohorts because of poor breeding performance.

Data availability
The original contributions presented in this study are included in the article and Supplementary material. Fur-
ther inquiries can be directed to the corresponding authors upon reasonable request.
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