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Abstract The function of the chloride channel ClC-1 is crucial for the control of muscle excitability.
Thus, reduction of ClC-1 functions by CLCN1 mutations leads to myotonia congenita. Many
different animalmodels have contributed to understanding themyotonia pathophysiology.However,
these models do not allow in vivo screening of potentially therapeutic drugs, as the zebrafish model
does. In this work, we identified and characterized the two zebrafish orthologues (clc-1a and clc-1b)
of the ClC-1 channel. Both channels are mostly expressed in the skeletal muscle as revealed by
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RT-PCR, western blot, and electrophysiological recordings ofmyotubes, and clc-1a is predominantly
expressed in adult stages. Characterization in Xenopus oocytes shows that the zebrafish channels
display similar anion selectivity and voltage dependence to their human counterparts. However,
they show reduced sensitivity to the inhibitor 9-anthracenecarboxylic acid (9-AC), and acidic pH
inverts the voltage dependence of activation. Reduction of clc-1a/b expression hampers spontaneous
and mechanically stimulated movement, which could be reverted by expression of human ClC-1
but not by some ClC-1 containing myotonia mutations. Treatment of clc-1-depleted zebrafish with
mexiletine, a typical drug used in human myotonia, improves the motor behaviour. Our work
extends the repertoire of ClC channels to evolutionary structure–function studies and proposes the
zebrafish clcn1 crispant model as a simple tool to find novel therapies for myotonia.
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Abstract figure legend Zebrafish clc-1a and clc-1b orthologues were identified and cloned. mRNA and protein
expression were detected mostly in muscle. Functional properties were studied in Xenopus oocytes, and they showed
similitudes, but also some differences compared with the human counterpart. A crispant model was generated and
studied analysing its spontaneous and mechanically induced movement. We suggest that this model could be used to
find new therapies for myotonia.

Key points
� We have identified two orthologues of ClC-1 in zebrafish (clc-1a and clc-1b) which are mostly
expressed in skeletal muscle at different developmental stages.

� Functional characterization of the activity of these channels reveals many similitudes with their
mammalian counterparts, although they are less sensitive to 9-AC and acidic pH inverts their
voltage dependence of gating.

� Reduction of clc-1a/b expression hampers spontaneous and mechanically stimulated movement
which could be reverted by expression of human ClC-1.

� Myotonia-like symptoms caused by clc-1a/b depletion can be reverted by mexiletine, suggesting
that this model could be used to find novel therapies for myotonia.

Introduction

The first chloride channel from the ClC family (Jentsch
& Pusch, 2018) was first recorded in planar bilayer
system fusing membranes from the electric organ of the
Torpedo californica fish (Tank et al., 1982). Following this
activity, the first fish ClC channel, which was named
ClC-0, was identified by expression cloning in Xenopus
oocytes (Jentsch et al., 1990). As the fish’s electric
organ is developmentally derived frommuscle, homology
cloning allowed the identification of the first mammalian
ClC channel in skeletal muscle being named ClC-1
(Steinmeyer, Ortland et al., 1991).
Soon after the discovery of ClC-1, mutations in

its encoding gene CLCN1, were identified in humans
suffering from recessive myotonia (Becker disease) and
dominant myotonia (Thomsen disease) (Koch et al.,
1992). Myotonia is characterized by muscle stiffness,

which results from the continued firing of action
potentials in the muscles after the cessation of a voluntary
stimulus (Adrian & Bryant, 1974a). Furthermore, patients
develop debilitating bouts of transient weakness, caused
by increased sodium and calcium currents leading to
plateau potentials, where the muscle remains depolarized
and unexcitable (Myers et al., 2021; Wang et al., 2023).
Functional measurements of most ClC-1-containing
myotonia mutations expressed in heterologous systems
lead to reduced chloride channel activity (Pusch, 2002).
Thus, it has been proposed that the chloride current
mediated by ClC-1 in the skeletal muscle is important
to repolarize action potentials and to stabilize its resting
membrane potential (Altamura et al., 2020).
Mutations in ClC-1 have been identified in several

animal models suffering from myotonia such as the adr
(arrested development of righting) mouse, which pre-
sent a disruption of the Clcn1 gene by insertion of a

© 2024 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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transposon (Steinmeyer, Klocke et al., 1991), and other
domestic animals such as cats (Woelfel et al., 2022), dogs
(Rhodes et al., 1999), goats (Beck et al., 1996), sheep
(Monteagudo et al., 2015), horses (Wijnberg et al., 2012),
pigs (Araújo et al., 2020) and even buffalos (Borges et al.,
2013), indicating the conserved role of ClC-1 inmammals
(Corrêa et al., 2023). In fact, that myotonia was caused by
a reduction in the chloride conductance of skeletal muscle
fibres was first demonstrated in goats from Tennessee
(Adrian & Bryant, 1974b; Bryant, 1979).

Furthermore, defective splicing of ClC-1 contributes
to myotonia observed in myotonic dystrophy (Charlet-B
et al., 2002; Lueck et al., 2007; Mankodi et al., 2002)
or Huntington’s disease (Miranda et al., 2017). Thus,
development of therapies for myotonia is of high interest
not only for genetic variants in humans and animals, but
also for related neuromuscular disorders. To date, ClC-1
selective therapeutic drugs are missing and the most
used pharmacological treatment to improve myotonia
symptoms is the use of sodium channel blockers such
as mexiletine or ranolazine (Jitpimolmard et al., 2020),
which, respectively, enhance sodium channel fast and
slow inactivation. However, these drugs undergo some
limitations such as side effects and/or irresponsiveness to
treatment, which hamper their ability to restore the quality
of life of the patients; therefore, novel strategies are needed
(Altamura et al., 2023).

The zebrafish (Danio rerio) has become a popular
model organism for studying the molecular basis of
human genetic diseases, including neuromuscular
disorders (Choi et al., 2021; Singh & Patten, 2022).
Furthermore, its small embryo size favours the screening
of multiple compounds in vivo (Hernández-Silva et al.,
2023). In the case of zebrafish, very recently, ClC-1-like
currents have been identified in myotubes (Dayal et al.,
2019), suggesting that zebrafish could be used for that
purpose. However, different from mammals, the skeletal
muscle from zebrafish also possesses Ca2+-activated
chloride currents mediated by ANO1 (Dayal et al., 2019),
which has been reported to be important for accelerating
the repolarization phase, a crucial aspect necessary for
high-speed movements in water (Idoux et al., 2022).
Transgenic lines expressing disease-associated human
CLCN1-dominant mutants showed shorter travelling
distances, suggesting that zebrafish could be used tomodel
myotonia (Cheng et al., 2014). Furthermore, zebrafish
models of dystrophic myotonia created by depletion
of muscleblind proteins by morpholino injection show
defective splicing of zebrafish clc-1 (Machuca-Tzili
et al., 2011), but not when the genes were eliminated
by CRISPR-Cas9 technology (Hinman et al., 2021).
Therefore, the role of zebrafish ClC-1 channels is not
entirely clear and thus it is unclear whether their deletion
will cause myotonia-like symptoms.

In this work, we identified and characterized the two
orthologues of the human chloride channel in zebrafish,
which show similitudes to their human counterpart.
Furthermore, we show that reduction of the expression
of these channels in zebrafish cause myotonia-like
symptoms, an effect that can be partially reverted by
overexpression of human ClC-1 or the anti-myotonic
drug mexiletine. Thus, by focusing our research on fish,
where ClC channels were first identified, we present here
a simple model to understand myotonia pathophysiology
and facilitate the search for new therapies.

Methods

Study approval

All experimental procedures were performed in
accordance with the European Union’s Guidelines on
Animal Care and Experimentation and were approved
by the institutional animal care and use committees.
The performed experiments comply with Directive
2010/63/EU on the protection of animals used for
scientific purposes and the Spanish RD 53/2013.
Experiments and procedures were performed as approved
by the Bioethical Committees of the University of Murcia
(approval numbers #75/2014, #216/2014 and 395/2017).
All data experiments is shown in the Supporting
Information.

Zebrafish maintenance

Zebrafish (Danio rerio) were kept at the animal facility at
the Bellvitge Campus of the University of Barcelona or the
University of Murcia under standard conditions of 28°C
and 14 h/10 h light/dark periods. AB or AB/TL strains
were used in all the experiments. Zebrafish specimens
were obtained from the Zebrafish International Resource
Centre and mated, staged, raised and processed as pre-
viously described (Pérez-Rius et al., 2019). When needed,
larvae were anaesthetized with 0.02% tricaine.

Molecular biology and generation of a myotonia
zebrafish model

Full-length complementary DNAs (cDNAs) of the two
zebrafish clc-1 channels plus the human ClC-1 channel
were cloned into pCS2 or pCDNA3 plasmids vector using
the Gateway system (Invitrogen) to add a FLAG tag
at their carboxy or N terminus. Discrepancies between
predicted sequences from the zebrafish genome were
solved by reverse transcription polymerase chain reaction
(RT-PCR) using the appropriate pairs of primers andRNA
from adult muscle, using the SuperScript III One-Step
RT-PCR with Platinum Taq system (Invitrogen).

© 2024 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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To generate a zebrafish model of myotonia, both clcn1a and clcn1b (chloride channel, voltage-sensitive 1a
and 1b, respectively) genes were inhibited by CRISPR-Cas9 technology (Burger et al., 2016). Single guide RNAs
(sgRNAs) were obtained from IDT (www.idtdna.com) with the following target sequence: clcn1a 5′-CTTCTCCCAA
TTTCGAGACAAGG-3′, and clcn1b 5′-GATGTGGGGCCACTGACACCAGG-3′, as showed in the scheme below.

They were resuspended in duplex buffer at 100 μm and 1 μl of each was incubated with 2 μl of transactivating RNA
(tracrRNA, 100 μm) at 95°C for 5 min, followed by 5 min at RT to form the complexes (crRNAs, 50 μm). crRNAs
(1.15 μg/μl) were mixed with recombinant Cas9 (0.8 μg/μl) in injection buffer (0.5X Tango buffer and 5% phenol red
solution) and then, 1.5 nl of the mix was injected into the yolk sac of one-cell stage zebrafish embryos using a Narishige
IM300 microinjector. Analysis of CRISPR-Cas9 editing efficiency was done by Sanger sequencing using genomic DNA
from a pool of 5-day larvae, as in the examples shown below.

© 2024 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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For transient overexpression of myotonia variants
(Hogan et al., 2008), mRNAs were transcribed in vitro
with the mMESSAGE mMACHINE kit (Ambion) and
purified with LiCl. One microgram of each mRNA was
mixed with the CRISPR/Cas9 mix and co-injected as
explained above. The amount of each variant injected was
300 pg/embryo. Importantly,mRNAswere first assayed on
Xenopus oocytes to test their functional integrity.

Mexiletine (Sigma, M2727) was added to the water of
4-day crispants at a final concentration of 1−10 μm in a
28°C incubator during the 24 h prior to the locomotor
activity study (Methodological Fig. 1).

RNA expression

Adult zebrafish were killed by an overdose of tricaine
(MS222, Sigma-Aldrich). Adult tissues were quickly
dissected and flash-frozen in liquid nitrogen. Total
RNA was isolated with TRIzol (Life Technologies) and
retrotranscribed using random hexamers with the Super-
Script III system (Life Technologies).

The following oligonucleotide pairs were used for
qPCR: GCTGTTGTGACCTTGGTGGTT and CAT
CAGCTCTCCAGCCATGA (clcn1a), CCACCTGGATT
GGGTCGAT and TGCAGACATCCAGAACTTCATGA
(clcn1b); and as internal controls CTGGAGGCCA
GCTCAAACATandATCAAGAAGAGTAGTACCGCTA
CCATTAC (ef1a) and TCTGGAGGACTGTAAGAGGTA
TGC and AGACGCACAATCTTGAGAGCAG (rpl13a).

qPCR was performed with SYBR Select reagent (Life
Technologies) in a StepOne apparatus (Life Technologies).
Three experiments were analysed, with three replicate
samples in each experiment. The expression levels were
calculated using the comparative Ct method normalized
to the internal control genes. The results were expressed
as the relativemessenger RNA (mRNA) levels as indicated
in the corresponding figures, considering the efficiency of
each primer pair with the Pfaffl method (Pfaffl, 2001).

Generation of custom antibodies against zebrafish
proteins

Immune sera against synthetic peptides from zebrafish
clc-1a (C)QAVPENKEEEESEEPV and zebrafish clc-1b
(C)PGGEGDAEKERDEEPL, corresponding to the last
17 amino acids of the C-terminus of both proteins,
were raised in rabbits using the services provided by
Cultek. The peptides were coupled to keyhole limpet
haemocyanin via the cysteine residue that was added
to the C-terminus of the peptide (in parenthesis). After
five boosts of immunization, the antibodies were affinity
purified using a peptide covalently coupled to SulfoLink
(ThermoFisher). The polyclonal antibodies were tested by
immunoblotting and immunofluorescence in HEK293T
cells (human embryonic kidney cells) expressing zebrafish
clc-1a or clc-1b.

Two-electrode voltage clamp in Xenopus oocytes

Xenopus oocytes were injected and maintained as pre-
viously described (Pérez-Rius et al., 2019). For all zebrafish
clc-1 channels, 10 ng of cRNAwas injected in each oocyte.
Measurements were done in ND96 medium (96 mm
sodium chloride, 2 mm potassium chloride, 1.8 mm
calcium chloride, 1 mm magnesium chloride and 5 mm
HEPES buffer at pH 7.4). For selectivity experiments,
80 mm Cl− was substituted by equivalent amounts of
Br−, I− or NO3

−. For pH experiments, at pH 5.4 or
6.4, HEPES was replaced by 5 mm MES buffer, and
at pH 8.4 by 5 mm tris buffer. Pulse protocols for tail
current analysis of ClC-1 were performed as described
previously. Briefly, after stepping the voltage from +90
to −145 mV in 20 mV steps for 1500 ms, channel
activation was monitored at −80 mV. Extrapolated peak
currents were fitted using a Boltzmann distribution of
the form I(V) = I0 + Imax/(1+ exp(zF(V0.5−V)/RT)),
where I0 is a constant offset describing the minimal open

Methodological Figure 1.
Workflow for obtaining a myotonia model to study locomotor activity in zebrafish larvae. [Colour figure can be
viewed at wileyonlinelibrary.com]

© 2024 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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probability (Po,min), Imax is the extrapolated current at
maximal stimulation, z is the apparent gating charge, F
is Faraday’s constant, V0.5 is the voltage of half-maximal
activation, V is the voltage, R is the gas constant and T is
the absolute temperature.

Primary culture of myotubes

Myoblasts from 2-dpf wild-type zebrafish were obtained
from zebrafish embryos using a previously described
protocol (Schredelseker et al., 2009) with some
modifications. First, they were rinsed in 0.5% sodium
hypochloride (250 μl in 50 ml water from the zebrafish
tank) for 2 min. Then, oocytes were dechorionated using
2 mg/ml of pronase (protease type XIV) for 20 min at
28°C. Zebrafish larvae were then collected in HBSS buffer.
Around 100−150 larvae were anaesthetized with 0.02%
tricaine before decapitation, and tails were digested for
1 h with collagenase type I (4 mg/ml) in HBSS at 28°C on
a thermomixer with continuous shaking. The collagenase
reaction was stopped by adding 7 ml of zebrafish culture
medium, containing 60% L-15 medium (in PBS 1×),
3% FCS, 3% horse serum, 4 mm glutamine, 50 μg/ml
of P/S, 0.8 mm CaCl2, 5% embryonal zebrafish extract.
Cells were immediately centrifuged at 290 g for 5 min and
were resuspended in 300 μl of zebrafish culture medium.
Drops of about 20 μl were placed in the centre of laminin
10 μg/ml coated coverslips in 24-well plates. Myotubes
were kept at 28°C for 1−2 h until the drops were almost
solidified by desiccation, and then 250 μl/well of zebrafish
culture medium was added. Experiments were performed
after 4−5 days in culture.
To prepare embryonic zebrafish extract, 200 3-day-old

embryos were used. After removing from chorions,
embryos were rinsed in 0.5% chilled bleach for 2 min
and then in zero calcium HBSS for 2 min, to be finally
transferred to a Dounce homogenizer with a minimum
of liquid for a proper homogenization. The extract was
resuspended in 1 ml L-15 supplemented with 0.3 mg/ml
glutamine, 50 U/ml penicillin, 0.05 mg/ml streptomycin
and 0.8 mm CaCl2 and stored at −20°C.

Patch-clamp recordings of myotubes

Electrophysiological recordings of myotubes were
performed with a patch-clamp amplifier (Axopatch 200B,
Molecular Devices, Union City, CA, USA). Patch electro-
des were fabricated in the P-97 Flamming/Brown type
micropipette puller (Sutter Instrument Co., Novato, CA,
USA). Electrodes had a resistance of 3−5 MΩ when filled
with intracellular solution (in mm): 145 Cs-Aspartate,
2 MgCl2, 10 HEPES, 0.1 Cs2-EGTA (300 mOsm, pH
7.4 with CsOH). The extracellular solution contained
(in mm): 10 CaCl2, 145 TEA-Cl, 10 HEPES, 0.1 BTS

(300 mOsm, pH 7.4 with TEA-OH). All solution
osmolarities were adjusted with sorbitol. An Ag/AgCl
earth electrode mounted in a 3 m KCl-agar bridge was
used. Membrane currents were recorded in the whole-cell
patch-clamp configuration, filtered at 2 kHz, digitized
at 10 kHz and acquired using pCLAMP 10 software
(Molecular Devices). The data were analysed with
Clampfit 10 (Molecular Devices) and Prism 4 (GraphPad
Software, Inc., LaJolla, CA, USA). All the recordings were
performed at room temperature (22–23°C). Currents
were evoked by the voltage protocol which is depicted in
the figure.

Analyses of motor behaviour of zebrafish

The DanioVision system (Noldus Information
Technology Inc., Leesburg, VA) was used to study
locomotor activity. Briefly, 5-day larvae from control
and crispant groups were transferred to individual wells
of 96-well plates with 200 μl fresh egg water. The plate
was placed on the stage of the DanioVision Observation
Chamber, at 28.5°C and the light intensity setting at 50%.
The DanioVision Observation Chamber is equipped with
a high-quality HD video for tracking and connected to a
computer running EthoVision XT behavioural tracking
software. Then, themovement under basal conditions and
under mechanical stimulation was specifically measured
in the following conditions:

(a) Spontaneous exploratory movement (SEM) test. After
30 min of acclimatization, a 1 h trial was tracked and
recorded (Methodological Fig. 2).

(b) Mechanically induced movement (MIM) test. After
30 min of acclimatization, a 6 min trial was
tracked and recorded, the first 3 min being in
basal conditions, and the next 3 min in mechanical
stimulation conditions. Mechanical stimulation was
established using the tapping device integrated into
the DanioVision Observation Chamber with the
intensity setting at 6 and with a tapping frequency of
1 s (Methodological Fig. 3).

For both tests, recordings were analysed for locomotion
activity changes. The total distance moved parameter was
analysed by using EthoVision XT tracking program. A
minimum of 15 individuals per group was used in all
conditions.

Statistics

Statistical analysis was performed by using GraphPad
Prism 8. Data were analysed by analysis of variance
(ANOVA) or a non-parametric test. Only statistically
significant differences are indicated in the figures (see
Figure legends for further details).

© 2024 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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Results

Identification of the zebrafish clc-1 channels

To identify the zebrafish clcn1 orthologues, we inspected
the ENSEMBL and NCBI databases. We found two
orthologous genes (Fig. 1A) and named these genes
clcn1a (ENSDARG00000062084, located in chromosome
19) and clcn1b (ENSDARG00000012269, located in
chromosome 16). We also found two orthologues in
two other fish species, the Nile tilapia (Oreochromis
niloticus, on) and the Oreon Mexican tetra (Astyanax
mexicanus, amx) (Fig. 1A). Thus, we suggest that
these two genes appeared because of the teleost-specific
genome duplication (Howe et al., 2013). The genomic
structure around the CLCN1 locus is partially conserved.
Particularly, only the contiguous gene FAM131b, which
is also duplicated in teleosts, giving rise to fam131ba and
fam131bb, is conserved. In contrast, the genomic structure
is conserved in all teleosts (Fig. 1A).

Exon-intron boundaries were conserved between
mammalian and zebrafish clc-1 orthologues (Fig. 1B).
Sequence conservation was high in the 17 predicted
transmembrane domains and the cystathionine beta
synthase (CBS) domains. In contrast, less conservation
was observed at the N terminus or the region between
CBS1 and CBS2 or after CBS2, thought to be important
for the regulation of the channel (Estévez et al., 2004).
The regions involved in chloride selectivity were perfectly
conserved, apart fromaGly toAla change in the beginning
of helix N in clc-1a and clc-1b. The glycosylation site after

helix L is also present in the zebrafish orthologues
(Fig. 1B).

Zebrafish clc-1 channels are expressed in muscle

We analysed the mRNA expression of the two clcn1
genes in adult tissues (Fig. 2A). We could observe that
both clcn1a and clcn1b were predominantly expressed in
muscle, although higher levels were observed for clcn1a,
suggesting that both genes might show a developmental
regulated expression pattern. To confirm these results at
the protein level, we performed western blot analyses
of muscle extracts obtained from embryos (Fig. 2B)
and adult zebrafish (Fig. 2C). To detect clc-1 zebrafish
proteins, we developed polyclonal antibodies against
peptides derived from the C-terminus of each protein
(seeMethods). To control antibody specificity, we analysed
extracts from double KO resulting from the generation
of clcn1a and clcn1b mutant by CRISPR-Cas9 editing.
Flag-tagged versions of both proteins were generated to
compare the protein detected with the endogenous one.
Both clc-1a and clc-1b were detected in extracts from
zebrafish embryos (Fig. 2B). In contrast, when adult
muscle was analysed, clc-1a was clearly detected but
not clc-1b (Fig. 2C). Thus, we concluded that both iso-
forms are expressed in muscle, although clc-1a remains
expressed at adult stages. We attempted to determine
their subcellular localization by immunofluorescence, but
unfortunately neither of the antibodies were suitable for
the technique.

Methodological Figure 2.
Schematic diagram of the spontaneous exploratory movement (SEM) test. [Colour figure can be viewed at
wileyonlinelibrary.com]

Methodological Figure 3.
Schematic diagram of the mechanically induced movement (MIM) test. [Colour figure can be viewed at
wileyonlinelibrary.com]

© 2024 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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A

B

Figure 1. Genomic analysis of the CLCN1 genes
A, genomic organization of the CLCN1 locus in humans (Hs), mice (Mm), zebrafish (Dr), nile tilapia (On) andmexican
tetra (Amx). Several genes around the CLCN1 locus are conserved. B, alignment of the predicted protein sequences

© 2024 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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of human, mouse, and zebrafish ClC-1 channels performed with CLUSTALW. α-helices are labelled with a black
line. The CBS (cystathionine β-synthase) intracellular domains are marked with a blue line. Residues involved in
chloride selectivity are highlighted with green background. Exons are typed in alternate black and red. Asterisk
indicates identical residues among the five proteins, colon indicates conserved residues, and full stop indicates
similar residues. [Colour figure can be viewed at wileyonlinelibrary.com]

Electrophysiological properties of zebrafish clc-1
channels

We expressed every zebrafish clc-1 orthologue in Xenopus
oocytes and performed two-electrode voltage clamp
measurements, comparing the activity with that of
oocytes expressing human ClC-1. The ClC-1 channel is
characterized by outwardly rectifying currents, where the
channel gates are further opened upon depolarization
(Accardi & Pusch, 2000). Thus, we observed human
ClC-1-mediated outwardly rectifying currents (Fig. 3A,B,
left). Similar outwardly rectifying currents were observed
for oocytes expressing clc-1a (Fig. 3A,B, centre) and
clc-1b (Fig. 3A,B, right), although with lower current
intensity levels. The human ClC-1 channel displays a
Cl− > Br− > NO3

− > I− selectivity sequence, a typical
feature of ClC channels (Rychkov et al., 1998). Both clc-1a
(Fig. 3C, centre) and clc-1b (Fig. 3C, right) followed the
same selectivity sequence as human ClC-1 (Fig. 3C, left).

We then compared the pH dependence of the channels.
As previously described (Rychkov et al., 1996), acidic
conditions (pH 5.4) diminished the deactivating inward
currents of the human ClC-1 (compare Fig. 4A, left with
Fig. 3A, left), and increased its minimum apparent open
probability (minimumPo) at negative potentials from0.10
(±0.07 SD) at pH 8.4, to 0.54 (±0.17 SD) at pH 5.4 (N= 8)
(Fig. 4B, left). Surprisingly, acidic pH conditions caused
a marked inversion in the current rectification of clc-1a
(Fig. 4A, centre) and clc-1b (Fig. 4A, right). Acidic pH
was indeed reversing the voltage dependence in clc-1a
(Fig. 4B, centre) and clc-1b (Fig. 4B, right). In this sense,
the apparent Po of clc-1a and clc-1b at negative potentials
progressively changed from their minimum Po of 0.50
(±0.06 SD) and 0.53 (±0.11 SD), respectively, at pH 8.4,
to their maximum values of 1 at pH 5.4 (N = 7 and
N = 9, respectively). Of the two zebrafish orthologues,
clc-1a showed the strongest behaviour change upon the
progressive rising in the acidic conditions. Another inter-
esting feature of the zebrafish channels arising from
these experiments was that both orthologues show higher
apparent Po than their human counterpart at every pH
condition. This also explained why they both displayed a
great left shift in the half-maximal activation potential at
pH 8.4, with−31.66 mV (±5.24 SD) (N= 7, P= 0.20E-3)
and −34.34 mV (±14.25 SD) (N = 9, P = 0.20E-4), for
clc-1a and clc-1b, respectively.

9-AC is a well-known ClC-1 inhibitor (Estévez et al.,
2003). Thus, we next tested the 9-AC sensitivity of the
zebrafish orthologues and its human counterpart. Inter-
estingly, while 9-AC at 100 μm caused a great reduction

in human ClC-1 activity (Fig. 4C, left), clc-1a (Fig. 4C,
centre) and clc-1b (Fig. 4C, right) showed a drastically
reduced 9-AC sensitivity. When tested at 1 mm, 9AC
practically abolished human ClC-1 activity (Fig. 4C, left),
while ClC-1b current was only reduced by half.

Detection of clc-1-like currents in primary cultures of
zebrafish myotubes

Primary cultures of zebrafish skeletalmusclemyotubes are
a useful cellular model for the development of physio-
logically relevant studies (Dayal et al., 2017, 2019; Weiss
et al., 2004). Thus, we decided to check for clc-1 currents
in zebrafish primary cultures of myotubes (Fig. 5A).
We could detect by western blot that both clc-1a and
clc-1b were expressed in these myotubes (Fig. 5A).
Previous functional studies in this model suggest that
two different Cl− channels, namely ANO1 and a ClC
channel (clc-1-like), were detected in these myotubes.
By performing whole-cell patch-clamp recordings, we
could obtain similar recordings (Fig. 5B). Canonical
ClC-1 deactivating inward currents could be identified
in the clc-1-like current at negative potentials (Fig. 5B).
Steady-state current–voltage relationship analysis of the
clc-1-like current also identified an outwardly rectifying
behaviour (Fig. 5C). Furthermore, the clc-1-like current
displayed a 9-AC reduced sensitivity (Fig. 5D). Thus,
clc-1-like currents in primary cultures of zebrafish myo-
tubes clearly recapitulate some of our previously found
clc-1 orthologue features in Xenopus oocytes.

Zebrafish clcn1 crispants hamper locomotion activity,
which is partially recovered by transient
overexpression of human ClC-1

We analysed the impact of depleting clc-1a and clc-1b in
larvae by injecting clcn1a and clcn1b specific sgRNAs
together with recombinant Cas9 in one-cell-stage
zebrafish embryos (see Methods section). In this way,
we obtained crispants, F0 larvae carrying a mosaic set of
somatic and germline mutations. After 5 days, locomotor
activity was evaluated. Crispant larvae displayed reduced
activity levels, in both the SEM (Fig. 6A,B) and the MIM
(Fig. 6C) compared with the control group. Interestingly,
the transient overexpression of the human variant ClC-1
was able to partially replace missing zebrafish clc-1
channels in larvae, increasing the total distance travelled
by the crispants (Fig. 6A,B) and their ability to respond to
mechanical stimulation (Fig. 6C).

© 2024 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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Figure 2. Zebrafish clcn1 gene expression and protein detection
A, relative clcn1 gene expression levels in adult tissues using real-time PCR. Bars indicate means ± SD. Both
clcn1 orthologues show a marked preference for skeletal muscle expression. B, western blot detection of clc-1a
and clc-1b protein levels in zebrafish embryos and HEK293T cells transfected with flag-tagged versions of both
orthologues. Left, anti-flag detection in HEK293T transfected cells lysates. Centre, anti-clc-1a. Right, anti-clc-1b,
polyclonal antibody detection in both zebrafish embryo and HEK293T transfected cell lysates. Lysates from dKO
embryos were used to control antibody specificity. The specific band is indicated by an arrow. The difference in
motility in the case of clc-1b is probably due to the presence of the flag tagged at the N terminus. When the flag
tag was at the C-terminus of clc-1b, the protein was very unstable. C, western blot detection of clc-1a and clc-1b
protein levels in both zebrafish adult muscle and HEK293T transfected cell lysates with (left) anti-clc-1a and (right)
anti-clc-1b, polyclonal antibodies. Lysates from dKO embryos were used to control antibody specificity. The specific
band is indicated by an arrow. The detection of tubulin was used as a loading control. Note that tubulin has a
different size in HEK transfected cells compared with zebrafish.
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Rescue of movement defects by myotonia mutations
and other ClC channels

Next, we analysed whether human ClC-1 containing
recessive or dominant myotonia-associated mutations
could also complement the motor phenotype observed

after depleting clc-1a and clc-1b. Thus, we performed
transient overexpression of several myotonia variants in
crispant larvae and analysed their locomotor activity.
Expression of the recessive variant M485V, characterized
by a reduced single channel conductance (Wollnik et al.,
1997), was able to rescue neither the SEM (Fig. 7A,B)
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Figure 3. Zebrafish clc-1-mediated currents in Xenopus oocytes
A, representative current traces of human ClC-1 and zebrafish orthologues at pH 8.4. The voltage clamp protocol
consisted of: 1500 ms voltage steps ranging from +90 mV to −150 mV in −20 mV increments. Each step was
preceded by a 100 ms pre-pulse at +90 mV and followed by a 100 ms tail pulse at −90 mV. B, representative
steady-state of current amplitude–voltage relationship of human ClC-1 (N = 5), clc-1a (N = 7) and clc-1b (N = 9).
C, permeability ratios of Br−, NO3

− and I− calculated for each clc-1 variant. Individual data points are depicted
and means ± SD are shown. Ordinary one-way ANOVA with Tukey’s multiple comparisons test was performed.
For human ClC-1 (N = 9), permeability ratios of Br− (P = 0.71E-4), NO3

− (P = 0.33E-10) and I− (P = 0.11E-9) were
significantly different from Cl−. Similar results were found for clc-1a (N = 11) and clc-1b (N = 8): Br− (P = 0.32E-3
and P = 0.27E-2, respectively), NO3

− (P = 0.02 and P = 0.21E-5, respectively) and I− (P = 0.74E-6 and P = 0.16E-5,
respectively). Significance is shown as: ∗∗∗∗ P ≤ 0.0001, ∗∗∗ P ≤ 0.001, ∗∗ P ≤ 0.01, ∗ P ≤ 0.05.
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Figure 4. Zebrafish clc-1 orthologues show different pH dependence and 9-AC insensitivity
A, representative current traces of human ClC-1 and zebrafish orthologues at pH 5.4. B, pH dependence of the
apparent open probability (App Po) of human ClC-1 (N = 8), clc-1a (N = 7) and clc-1b (N = 9). Data points indicate
means ± SD. Both clc-1 orthologues show marked inversion of their App Po under acidic conditions. C, analysis
of 9-AC sensitivity. Bars represent means ± SD of the relative current intensity (normalized to control conditions in
the absence of 9AC) measured at +70 mV. Two-tailed unpaired Student’s t test statistical analysis was performed
comparing control (Ctrl) and 100 μM/1 mM 9-AC groups for each clc-1 variant. 100 μM 9-AC significantly affected
human ClC-1 elicited activity (N = 8, P = 0,13E-14), while no significant effect was detected in clc-1a (N = 4,
P = 0.13) nor clc-1b (N = 9, P = 0.16). 1 mM 9-AC dramatically altered human ClC-1 activity (N = 4, P = 0.12E-22),
also affecting clc-1b (N = 4, P = 4.70E-08). Significance is shown as: ∗∗∗∗ P ≤ 0.0001, ∗∗∗ P ≤ 0.001.
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nor the MIM (Fig. 7C). Expression of the dominant
variant P480L found in the Thomsen family (Steinmeyer
et al., 1994) was not able to rescue the SEM, but it
rescued theMIM. Interestingly, it has been shown that this
mutant protein can express hyperpolarization-activated
currents (Steinmeyer et al., 1994). Considering both
the unexpected P480L rescue of the MIM, and the
inverted voltage dependence of the zebrafish orthologues
under acid conditions, we decided to analyse whether
the hyperpolarization-activated ClC-2 channel could also
display the same rescuing phenotype. In agreement
with this hypothesis, complementing clc-1a/b-depleted
zebrafish with rat ClC-2 also rescued the MIM but not
the SEM (Fig. 7A–C). Finally, complementation with the

dominant variant ClC-1 I290M, which showed a right
displacement of the voltage dependence (Pusch et al.,
1995), was able to rescue the SEM but not the MIM
movement defects (Fig. 7A–C).

Mexiletine is able to rescue the MIM phenotype in
the crispant zebrafish myotonia model

Finally, we tested the usefulness of our model to search
for novel therapies. For this purpose, we treated the
crispant larvae with different doses of mexiletine. As a
result of its sodium channel-blocking effect, the SEM of
the crispant larvae was reduced after mexiletine treatment
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Figure 5. Patch-clamp recordings of clc-1-like currents in zebrafish primary cultures of myotubes
A, close image of a zebrafish primary culture of myotubes. Extracts from myotubes were analysed by western
blot using antibodies against clc-1a and clc-1b detecting both proteins in the cultures. B, representative current
trace of the elicited activity. Whole-cell currents were elicited by injecting voltage pulses as described in oocytes.
C, steady-state I–V relationship of the myotubular clc-1-like current (N = 6). Data points represent means ± SD.
D, relative clc-1-like current before (Pre) and after the application of 100 μM and 1 mM 9-AC (N = 3). Ordinary
one-way ANOVA with Tukey’s multiple comparisons test was performed. While no significant effect was detected
after the application of 100 μM 9-AC (P = 0.86), 1 mM 9-AC significantly altered clc-1-like currents (P = 0.03). Both
current characteristics and 9-AC reduced sensitivity resemble the clc-1 orthologue current properties previously
shown in Xenopus oocyte recordings. [Colour figure can be viewed at wileyonlinelibrary.com]
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Figure 6. clcn1a and clcn1b crispants hamper both
spontaneous exploratory movement (SEM) and mechanically
induced movement (MIM), and both are partially recovered by
transient overexpression of hClC-1
A, total distance parameter recorded during the SEM test for both
control (black border) and crispant (red border) groups. B, histogram
showing the frequency of the distances travelled by each group
during the SEM test. C, total distance parameter recorded during the
MIM test for both control (black border) and crispant (red border)
groups. In A and C, bars represent means ± SD of the total distance,
where each dot represents a single larva (A; cr_control, n = 99;
cr_clcn1a+b, n = 56; cr_clcn1a+b + hClC-1, n = 22. C; cr_control,
n = 33; cr_clcn1a+b, n = 23; cr_clcn1a+b + hClC-1, n = 15). The
graphs show the accumulation of 2−3 independent experiments
(N = 2-3). Statistical analysis according to ordinary one-way ANOVA
followed by uncorrected Fisher’s LSD (A) or Kruskal–Wallis followed
by uncorrected Dunn’s multiple comparisons test (C). Source data are
provided in a Source Data file. [Colour figure can be viewed at
wileyonlinelibrary.com]

(Fig. 8A,B). In contrast, as found in mammals, the
treatment had a positive effect on the locomotor capacity
of the larvae when faced with a mechanical stimulus
(Fig. 8C), supporting the usefulness of the model for the
search of new treatments for myotonia.

Discussion

In this study, we identified and characterized the two
orthologues of the human ClC-1 chloride channel in
zebrafish (clc-1a and clc-1b). Furthermore, we describe a
simple and useful approach to generate a zebrafish larvae
model for myotonia.
Our expression studies and Xenopus oocyte recordings

indicate that the zebrafish channels share the basic
properties of the human counterpart. First, both channels’
expression patterns are mostly restricted to the skeletal
muscle. Second, the orthologues are further opened by
depolarization, displaying deactivating currents at hyper-
polarizing potentials at basic pH. Third, they exhibit the
canonical selectivity sequence Cl− > I− of the ClC family.
However, we found two differences versus human ClC-1.
In one hand, both zebrafish orthologues display reduced
sensitivity to 9-AC. On the other hand, their voltage
dependence of opening is inverted at an acidic pH.
Clc-1-like current identified in zebrafish myo-

tubes shared some of the abovementioned orthologue
properties described for Xenopus oocytes, suggesting that
it was indeed mediated by the zebrafish clc-1a and clc-1b
channels. Moreover, myotube clc-1 current displayed
a reduced 9-AC sensitivity compared with that of the
human counterpart, as currents were not inhibited by
100 mm 9-AC and slightly reduced by 1 mm 9-AC, as
previously reported (Dayal et al., 2019). Interestingly,
inhibition of zebrafish myotubes without functional
anoctamin 1 was slightly higher (Dayal et al., 2019) than
our studies with myoblast containing both channels, and
very similar to our studies in Xenopus oocytes. In any case
both studies indicate that zebrafish clc-1 channels are less
sensitive to 9-AC than their human counterparts. In this
line, Ser 537 in human ClC-1, located between helix O
and P, has been implicated in 9-AC binding (Estévez et al.,
2003). Thus, the Ser537Thr mutation resulted in a 40-fold
increase in the apparent Kd for 9-AC (from 13 to 539mm)
(Estévez et al., 2003). Interestingly, the equivalent amino
acid to serine 537 in human ClC-1 is a threonine residue
in the zebrafish clc-1 orthologues, thus explaining their
reduced 9-AC sensitivity. Possibly the threonine residue
creates a steric impediment to 9-AC binding, as suggested
in previous studies with mutants of human ClC-1 protein
(Estévez et al., 2003).
Surprisingly, both zebrafish channels are transformed

at acidic pH into a chloride channel displaying slowly
activating currents upon hyperpolarization, resembling
the ClC-2 channel. This gating pH dependence
dramatically differs from what is found in their human
counterparts, as human ClC-1 channels are inhibited at
an acidic pH. In this regard, during prolonged muscle
activity there is a decrease in pH, and therefore a decrease
in ClC-1 current, which induces an increase in muscle
fibre excitability, preservingmuscle activity andmediating

© 2024 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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its adaptation to intense exercise (Jentsch & Pusch, 2018).
This difference in the orthologues’ pH dependence
suggests that the physiological role of zebrafish clc
channels under acidic conditions might be different from
that in mammals.

Zebrafish perform higher speed movements than
mammals, so they need to produce higher frequencies
of skeletal muscle action potentials (Idoux et al., 2022).

To perform this task, several differences have recently
been found. Thus, zebrafish, but not humans, express
the calcium-activated chloride channel TMEM16A (Dayal
et al., 2019) or the potassium channel TRAAK (Idoux
et al., 2023) in the skeletal muscle, and it has been
proposed that both channels contribute to accelerate the
repolarization phase of action potentials. In mammals,
this function has been assigned to the ClC-1 channel.
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Figure 7. Rescue of movement defects by mytonia mutations and other ClC channels
A, total distance parameter recorded during the SEM test for each group. B, histogram showing the frequency of
the distances travelled by each group during the SEM test. C, total distance parameter recorded during the MIM
test for each group. In A and C, bars represent means ± SD of the total distance, where each dot represents a
single larva (A; cr_control, n = 133; cr_clcn1a+b, n = 73; cr_clcn1a+b + hClC-1, n = 22; cr_clcn1a+b + hClC-1
M485V, n = 56; cr_clcn1a+b + hClC-1 P480L, n = 34; cr_clcn1a+b + hClC-1 I290M, n = 43; cr_clcn1a+b +
rClC-2, n = 29. C; cr_control, n = 36; cr_clcn1a+b, n = 31; cr_clcn1a+b + hClC-1, n = 17; cr_clcn1a+b + hClC-1
M485V, n = 28; cr_clcn1a+b + hClC-1 P480L, n = 29; cr_clcn1a+b + hClC-1 I290M, n = 29; cr_clcn1a+b +
rClC-2, n = 31). The graphs show the accumulation of 2−3 independent experiments (N = 2–3). Statistical analysis
according to ordinary one-way ANOVA followed by uncorrected Fisher’s LSD (A) or Kruskal–Wallis followed by
uncorrected Dunn’s multiple comparisons test (C). Source data are provided in a Source Data file. [Colour figure
can be viewed at wileyonlinelibrary.com]
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Furthermore, as zebrafish speed movements are faster
in adults (40–55 cm/s) than in larval stages (3 cm/s)
(Widrick et al., 2018), higher frequencies of action
potentials are needed in adult stages. Achieving these
higher frequencies will result in muscle acidification
due to energy consumption. Here, we provide some
indirect evidence that the property of the zebrafish
clc-1 channels to become hyperpolarization-activated

may be advantageous under these circumstances. On
the one hand, we show that clc-1a, which is the
channel that show a higher propensity to become a
hyperpolarization-activated channel, is expressed mostly
in adult stages. Similarly, TRAAK1 in zebrafish is only
expressed in adult stages (Idoux et al., 2023). On
the other hand, the defects observed after 3 min of
mechanical stimulation, which is supposed to cause
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Figure 8. Mexiletine can rescue the MIM phenotype in the crispant zebrafish myotonia model
A, total distance parameter recorded during the SEM test for each group. B, histogram showing the frequency of
the distances travelled by each group during the SEM test. C, total distance parameter recorded during the MIM
test for each group. In A and C, bars represent means ± SD of the total distance, where each dot represents a
single larva (A; cr_control, n = 94; cr_control + mexiletine 1μM, n = 60; cr_control + mexiletine 10 uM, n = 53;
cr_clcn1a+b, n = 43; cr_clcn1a+b + mexiletine 1 μM, n = 24; cr_clcn1a+b + mexiletine 10 μM, n = 22. C;
cr_control, n = 33; cr_control + mexiletine 1 μM, n = 38; cr_control + mexiletine 10 μM, n = 43; cr_clcn1a+b,
n = 26; cr_clcn1a+b + mexiletine 1 μM, n = 20; cr_clcn1a+b + mexiletine 10 μM, n = 18). The graphs show the
accumulation of 2−3 independent experiments (N = 2–3). Statistical analysis according to ordinary Brown-Forsythe
ANOVA followed by unpaired t test with Welch’s correction (A) and Kruskal–Wallis followed by uncorrected Dunn’s
multiple comparisons test (C). Source data are provided in a Source Data file. [Colour figure can be viewed at
wileyonlinelibrary.com]
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pH acidification, can also be rescued with channel
proteins that are activated by hyperpolarization, such
as the ClC-2 channel or the myotonia mutant P480L
(Steinmeyer et al., 1994). What could be the role of
these hyperpolarization-activated currents? We propose
that zebrafish could use these hyperpolarization-activated
currents to depolarize skeletalmusclemembrane potential
to sustain high frequency generation of action potentials
in acidic conditions.

Importantly, our complementation experiments
indicate that human wild-type ClC-1 can substitute for
zebrafish clc-1 in larval stages. In contrast, non-functional
ClC-1M485V (Wollnik et al., 1997) or P480L (Steinmeyer
et al., 1994) mutants could not rescue spontaneous
movements. An exception is the variant I290M (Pusch
et al., 1995), possibly because it could still mediate
some current in zebrafish. However, neither M485V nor
I290M mutants could rescue mechanically stimulated
movements, both recapitulating their phenotypic defects
in our myotonia model at this level. Importantly,
incubation of zebrafish with the anti-arrhythmic
drug mexiletine rescued the mechanically stimulated
movement defects caused by the depletion of clc-1.
Possibly this drug is inhibiting sodium channels through
enhancement of the fast inactivation, thus limiting the
appearance of the plateau potentials that could cause
muscle paralysis.

In summary, our work provides the first identification
and characterization of the two zebrafish orthologues
of the human ClC-1 chloride channel, unravelling some
properties that pave the path for future structure–function
studies aiming to understand the different functional
properties of ClC channels. For instance, the fact that
zebrafish clc-1 channels behave as inward rectifier
channels at acidic pH could be used to under-
stand the molecular basis of this gating behaviour.
Moreover, zebrafish open the possibility to easily perform
pathophysiological studies of myotonia mutations which
defect is not seen in in vitro studies.

To find new treatments for myotonia, in vitro models
do not reflect the biological disease complexity, and
current in vivomodels are time-consuming and expensive.
We believe that zebrafish can bridge the gap between
in vitro and mammalian studies, as screenings can
be done quickly and cost-effectively under in vivo
conditions. Therefore, we propose the zebrafish clcn1
crispant model of myotonia as an easy and valuable tool
for performing high-throughput drug screenings aiming
for the development of new myotonia treatments.
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