
INTRODUCTION

Mutations in the CLCN1 gene (RefSeq NC_000007) can
cause two distinct types of myotonia congenita (MC): dominant
Thomsen’s disease (OMIM 160800) and recessive Becker’s
disease (OMIM 255700). These forms of autosomal non-
dystrophic myotonia are predominantly induced by a non-
functional ClC-1 (RefSeq NM_000074.2), the major channel
that mediates chloride (Cl–) conductance in skeletal muscle.
ClC-1 channel alteration enables the threshold voltage to be
reached with lower electrical stimuli, and spontaneous action
potentials to be triggered without neuromuscular transmission.
This state of hyperexcitability leads to repetitive sodium channel
activation (1-3), which causes stiffness due to “myotonic runs”
and weakness in myotonic patients (4). About 130 mutations
have now been associated with human myotonia (5). They are
distributed over the entire length of the channel, and affect its
functionality by various mechanisms. Since Accardi and Pusch
(6) introduced the envelope protocol and described a
methodology to separate the fast and slow (common) gate
properties, many mutations have been identified as
predominantly or exclusively affecting the common gate (6-10).
These mutations are mainly concentrated in the helices H, I, P

and Q, which form the dimer interface, and in the G helix, which
is situated immediately behind helices H and I (9). In the present
work, we functionally characterized two mutations in hClC-1:
p.Phe167Leu and p.Val536Leu. Both were isolated in a woman
with MC, and in her symptomatic sister. Their parents were each
heterozygous for one of the mutations. Both mutations
principally influenced the common gate, although with different
severity. Co-expression of these mutants to mimic the patient’s
heterozygous condition resulted in altered channel properties
that are compatible with the symptoms and the myotonic
discharges recorded by electromyography (EMG) of the patient.

MATERIALS AND METHODS

Clinical findings

The proband was a 32-year-old woman who complained of
generalized stiffness, cramps, and myotonia. She had one sibling
who experienced the same symptoms. Written informed consent
was obtained prior to all experimental procedures, with explicit
consent to future use for research purposes, in accordance with
the Declaration of Helsinki. Data were collected regarding
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family history and clinical history, including age at disease
onset, presented symptoms, and rate of progression. The
proband underwent a complete neurological examination,
including a muscle strength evaluation using the Medical
Research Council Scale (MRC; graded 0–5), laboratory
examinations, electromyography, and muscle biopsy. Genetic
investigations ruled out the trinucleotide repeat expansions in
the DMPK gene that are associated with myotonic dystrophy
type 1, and the tetranucleotide repeat expansions in intron 1 of
the ZNF9 gene that are associated with myotonic dystrophy type
2. The results of SCN4A gene screening were also negative.

Immunohistochemistry

Muscle biopsy of the brachial biceps was performed. Standard
techniques were used to study the morphology of the muscle
sections. Immunohistochemical (IHC) analysis was completed
using monoclonal antibodies directed against dystrophin
(Novocastra, Newcastle upon Tyne, UK), sarcoglycans, dysferlin
(Novocastra), α-dystroglycan (a-DG) (Upstate Biotechnology,
Lake Placid, NY), and caveolin-3 (Transduction Laboratories,
Lexington, KY) as previously described (11-13).

Neurophysiological investigation

Nerve conduction and electromyographic studies were
conducted in both the proband and her sister. Motor and
orthodromic sensory conduction velocities were measured in
median and common peroneal nerves after rest, with stimulation
using bipolar surface electrodes at the wrist and at the ankle and
fibula head, respectively. Compound muscle action potential
(CMAP) amplitudes were measured by nerve stimulations
through bipolar surface electrodes placed at a 20-mm
interelectrode distance. Using conventional techniques, EMG
was performed on brachial biceps, deltoid, quadriceps,
ileopsoas, and gastrocnemius muscles to evaluate the following
parameters: muscle fibre conduction velocity, skewness of motor
unit potential (peak) velocities, peak frequency (number of
peaks per second), and average rectified voltage (ARV). The
presence of polyphasic potentials and myotonic/pseudomyotonic
discharges was also recorded.

Genetic analysis

Genomic DNA was extracted from peripheral leukocytes
using the FlexiGene DNA Kit (QIAGEN, Hamburg, Germany,
www.qiagen.com) according to the manufacturer’s instructions.
The 23 coding exons of the CLCN1 gene and the respective
intron junctions were PCR-amplified with specific primer pairs.
Amplification products were sequenced using the Big Dye
Terminator Cycle Sequencing Kit (Applied Biosystems, Foster
City, USA, www.appliedbiosystems.com) with an automated
sequencer 3100 (Applied Biosystems). The sequences were
compared to GenBank sequence NM_000083 using SeqScape
software (Applied Biosystems). The presence of each mutation
was confirmed by two independent amplification and
sequencing assays. To clarify the nature of the aminoacid variant
p.Val536Leu, 200 Italian control chromosomes were screened
and evolutionary comparison was performed.

Mutagenesis

The wild-type full-length cDNA of CLCN1 was amplified
using the Expand Long Template PCR System (Roche
Diagnostics GmbH, Mannhein, Germany), with the forward
primer 5’-ATGGAGCAATCCGGTCACAG-3’ and the reverse
primer 5’-TCAAAGGATCAGTTCATCCTCAT-3’. To

introduce the p.Phe167Leu and p.Val536Leu point mutations
into human ClC-1 cDNA, these mutations were cloned into the
pcDNA3.1/V5-His TOPO vector (Invitrogen) using the
Quickchange TM Site-Directed Mutagenesis Kit (Stratagene, La
Jolla, CA, USA). Two independent mutant clones were tested for
each mutation. Wild-type and mutated cDNAs were expressed in
tsA cells for functional characterization.

Cell electrophysiology

TsA cells (a subclone of human embryonic kidney cells) were
cultured in DMEM/F-12 (Ham; Sigma) supplemented with 10%
foetal calf serum, and were maintained at 37°C with 5% CO2. For
the experiments, cells were plated in 35-mm culture dishes and
transfected with lipofectamine (Invitrogen). In each dish,
cotransfection was performed with 0.3 µg of pcDNA3.1/V5-His-
TOPO plasmid and 0.1 µg of the green fluorescent protein plasmid
E-GFPpcDNA3 (Clonotech Laboratories, USA). Current
recordings were performed at 24–48 hours after transfection, using
the patch-clamp technique in the whole-cell configuration with the
MultiClamp700A amplifier and pClamp 8.2 software (Axon
Instruments, USA) for data acquisition. Pipette resistance equalled
about 1.3–1.8 MΩ and, before each protocol run, capacitance and
series resistance errors were compensated (85–90%) to reduce
voltage errors to less than 5% of the protocol pulse. Agar bridges
were used to connect the bath solution to the amplifier. The
standard pipette solution contained 128 mM cesium aspartate, 4
mM MgCl2, 10 mM EGTA, and 10 mM HEPES at pH 7.30. The
external solution was prepared with 164 mM NaCl, 2 mM CaCl2,
1 mM MgCl2, and 5 mM HEPES at pH 7.40. Data presented in
figures and tables have been corrected for liquid junction
potentials, calculated using the pClamp 8.2 software. The voltage-
dependence of the relative open probability (Po) was obtained
following the protocol proposed by Pusch et al. (14). Tail currents
were generated at –160 mV after 200-ms conditioning pulses that
increased in 20-mV steps from –160 mV to +80 mV. The peaks of
tail currents at the preconditioning potentials (Iv) were normalized
at the maximal current (Imax), to obtain the relative Po. Data were
successively plotted as a function of preconditioning voltages, and
fitted by the following Boltzmann function:

Iv = Io + (Imax – Io)/(1 + exp((V1/2 – V)/k)), where Io is a
constant current offset, V1/2 is the half-maximal activation
voltage, and k is the slope factor.

Relative open probability of the common (slow) gate (Po
c)

was evaluated using a similar protocol in which a 200-µs pulse to
+180 mV was inserted between the conditioning pulse and the tail
pulse. This strongly depolarizing pulse fully activated the fast gate
of the channels, and the tail current (recorded at –160 mV)
reflected only the common gate (6, 15). Since the open probability
can be described as the product of its fast and common
components, the open probability of the fast gate (Po

f) was
obtained by dividing the relative Po for a given voltage by its
corresponding Po

c (6, 9, 15). Deactivation channel properties were
determined as reported by Pusch et al. (14), holding the cells at
+20 mV for 100 ms and then changing the voltage test from +60
mV to –180 mV in 20-mV steps. The time courses of current
deactivation were determined by fitting current traces with a two-
exponential function: I(t) = A1exp(–t/τ1) + A2exp(–t/τ2) + C,
where τ1 and τ2 are the time constants of the slow and fast
components, respectively; A1 and A2 are the amplitudes of the
slow and fast components, respectively; and C represents the
amplitude of the steady-state component. The opening rate (α)
and closing rate (β) of the common gate at a particular voltage
were calculated as described by Duffield et al. (9): α = Po

c/τ1 and
β = (1 – Po

c)/τ1, where Po
c is the open probability of the common

gate and τ1 is the corresponding time constant. All data are
presented as mean ±S.E.M. Statistical evaluation was performed
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using the one-way analysis of variance (ANOVA) with the post-
hoc Tukey’s test. Statistical significance was set at p<0.05.

RESULTS

Clinical findings

At 25 years of age, the patient complained of generalized
stiffness, myotonia, and muscle cramps mostly localized in the
lower limbs. These symptoms had started during childhood and
worsened over the following years. They were exacerbated by
low outside temperature, rest, stress, and fasting and were
improved after mild exercise, suggesting a warm-up
phenomenon. The patient also complained of fatigability, which
was not severe enough to limit functioning or to preclude
physical activity. She never had myoglobinuria, and cardiac and
respiratory involvement were absent. The patient was born from
non-consanguineous parents following a normal pregnancy, and
had typical psychomotor development. Neurological examination
at 26 years of age showed mild generalised muscle hypertrophy,
especially of the quadriceps and brachial biceps muscles, and
mild symmetrical weakness at the limb girdle and proximal
muscles (score of 4 on the Medical Research Council Scale). The

patient had normal distal strength. There was no specific clinical
evidence of sensory loss or retractions, and osteotendineous
reflexes were normal and bilaterally symmetric. Examination
revealed grip myotonia and myotonia affecting the facial
muscles, both spontaneously and after percussion. Tongue
myotonia was not evident. Investigations revealed a borderline
increase of serum creatine-kinase (CK) level (260 UI/L, 1-fold
above normal values). EMG performed at 26 years of age
revealed normal nerve conduction in the upper and lower limbs.
Needle EMG of the tibialis anterior, quadriceps, ileopsoas,
brachial biceps, deltoid, and gastrocnemius demonstrated mild
myopathic changes and profuse myotonic discharges. No
fibrillation or fasciculation was documented. At the age of 27
years, the patient underwent a muscle biopsy of the brachial
biceps. Muscle biopsy showed mild fibre size variability, few
nuclear centralizations, no connective tissue increase, and
striking hypotrophy of type 2 fibres. Other histochemical
analyses including myoadenylate deaminase, myophosphorylase,
and phosphofructokinase activities showed normal results. The
results of all immunohistochemical analysis were also normal
(Fig. 1). The patient was treated with mexiletine 600 mg/die,
which resulted in a slight reduction of myotonia. However, this
therapy was associated with the presentation of a severe
positional tremor and was therefore stopped.
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Fig. 1. Histopathological analysis of skeletal muscle biopsy. A) Haematoxylin and eosin staining demonstrating variation in fibre size
(25×). Scale bar, 40 µm. B) ATPase reaction at pH 9.4 showing type II fibre hypotrophy (10×). Scale bar, 100 µm. C) Normal
enzymatic distribution at NADH reaction. Scale bar, 100 µm.

Fig. 2. Cartoon of the
skeletal muscle chloride
channel showing the
p.Val536Leu and
p.Phe167Leu mutations.



672

Fig. 3. Comparative analysis of
mutated aminoacids p.Val536Leu and
p.Phe167Leu and the surrounding
sequences, indicating a high degree of
conservation throughout species
development. Threonine 539 in helix
P is also indicated due to its proximity
to Valine 536, and its involvement in
the common gating process.

Fig. 4. Traces of currents
evoked through the WT,
p.Val536Leu, and
p.Phe167Leu hClC-1
channels expressed in tsA
cells. On the left: deactivation
properties were studied at
hyperpolarizing potentials
after activation at +20 mV. On
the right: activation currents
were obtained from a holding
potential of –120 mV and by
successively applying 200-ms
conditioning pulses between
–160 mV and +80 mV. Tail
currents were generated at
–160 mV. Dashed lines
indicate the level of zero
current.



Clinical evaluation was extended to other members of the
patient’s family. Family history was negative for neuromuscular
disorders. Both parents showed mild muscle hypertrophy of the
upper and lower limbs, without any signs of weakness or
myotonia. Unfortunately, they did not undergo any
electromyographic studies. The proband’s mother was of Tunisian
origin, and complained of slowly progressive life-long muscle
aching and stiffness. The proband’s younger sister complained of
stiffness and cramps. Electromyographic evaluation of the sister
demonstrated the presence of pseudomyotonic discharges, without
myopathic changes and with normal nerve conduction.

Genetics

Fig. 2 shows the two point mutations that were identified on
the CLCN1 gene in the proband and her sister. The p.Phe167Leu
mutation was maternally inherited, while p.Val536Leu was
paternally inherited. The substitution at position 167 is due to
c.501C>G on exon 4, and situated in transmembrane domain C.
It was first identified in MC families with recessive pedigrees
(16), and has been further described as exhibiting both
autosomal dominant and recessive transmission (17-21). The
second mutation, due to c.1606G>C on exon 15 and located in
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Fig. 5. Effects of p.Val536Leu on
the activation properties of
hClC-1 channels. (A)
Representative currents evoked
from mutant channels are shown
and compared to WT current
traces. Dashed lines indicate the
level of zero current. (B) Voltage-
dependence of the relative
overall open probability of the
channel (Po) and relative open
probability of the common gate
(Po

c) and fast gate (Po
f). For Po,

data points were collected from
tail currents evoked at –160 mV
after conditioning pulses
between –160 mV and +80 mV
(panel A on the left). For Po

c, data
points were obtained by inserting
a 200-µs activation pulse to +180
mV between the conditioning
pulse and the tail pulse. As strong
depolarization fully activates the
fast gate, tail currents recorded at
–160 mV reflect only the
common gate (panel A on the
right). Po

f was obtained by
dividing the overall Po for a
given voltage by its
corresponding Po

c. Data points in
graphs were fitted with a
Boltzmann function.



the O helix, was recently reported by Ulzi et al. (22) but the
associated cellular electrophysiology has not been previously
described. Fig. 3 shows a sequence alignment demonstrating the
strong conservation of both amino acids throughout evolution.

Functional analysis in tsA cells

The functional effects of the two mutants were investigated by
expressing the cloned cDNA in tsA cells. Currents through both
p.Phe167Leu and p.Val536Leu hClC-1 channels showed a typical

chloride-current profile, with deactivation at negative potentials
and a double exponential time course (Fig. 4). For both mutants,
tail current densities elicited at –160 mV were not significantly
different from those of WT channels: 386±129 pA/pF for
p.Phe167Leu (n=9), 305±71 pA/pF for p.Val536Leu (n=8), and
351±57 pA/pF for WT (n=13). However, the mutations
substantially altered channel characteristics (Figs. 5 and 6 and
Table 1). The substitution of valine with leucine at position 536
affected both the common and the fast gating, severely affecting
channel physiology. In this mutant, the relative open probabilities
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Fig. 6. Effects of p.Phe167Leu
on the activation properties of
hClC-1 channels. (A) Currents
from mutant and WT channels.
Dashed lines indicate the level of
zero current. (B) Voltage-
dependence of the relative
overall open probability (Po) and
relative open probability of the
common gate (Po

c) and fast gate
(Po

f). For Po, data points were
collected from tail currents
evoked at –160 mV after
conditioning pulses between
–160 mV and +80 mV (panel A
on the left). For Po

c, data points
were obtained by inserting a
200-µs activation pulse to +180
mV between the conditioning
pulse and the tail pulse. As strong
depolarization fully activates the
fast gate, tail currents recorded at
–160 mV reflect only the
common gate (panel A on the
right). Po

f was obtained by
dividing the overall Po for a
given voltage by its
corresponding Po

c. Data points in
graphs were fitted with a
Boltzmann function.



were significantly displaced in the depolarizing direction (Fig.
5B). The apparent and common gate open probabilities showed
more remarkable shifts. For Po, V1/2 was –24.0±1.5 mV with
p.Val536Leu vs. –79.2±2.8 mV with WT (p<0.0001). For Po

c, V1/2

was –23.6±0.3 mV with p.Val536Leu vs. –69.9±2.6 mV with WT
(p<0.0001). The voltage-dependence of the fast gate was less
affected, showing a 14-mV displacement (V1/2 was –87.2±3.1 mV
for V536L vs. –101.2±2.4 mV for WT; p<0.05). We also observed
a significant change in the minimum relative Po for both gates; it
decreased from 0.51 to 0.35 for the common gate (p<0.001) and
increased from 0.18 to 0.33 for the fast gate (p<0.01). Moreover,
since the activation time constant of the fast gate, determined by
using the envelope protocol introduced by Accardi and Pusch (6),
indicated that longer pulses were more suitable to fully activate
the fast gate of p.Val536Leu channels, we also characterized the
common and fast open probabilities prolonging the duration of the
+180-mV activation pulse to 300 µs. Po

c and Po
f were further

mildly displaced towards more depolarized potentials,
respectively by 4 mV and 9 mV (For Po

c, V1/2 was –19.7±0.4 mV,
k was 30.9±0.4 mV; for Po

f, V1/2 was –78.1±2.7 mV, k was
37.2±2.3 mV, n=7 cells), confirming and reinforcing the effects of
p.Val536Leu on ClC-1 channel properties.

We analysed the current kinetics in a manner that accounted
for independence of the fast and common mechanisms, as
presented by Accardi and Pusch (6) and Duffield et al. (9). At
hyperpolarized potentials, current relaxation was fitted by two
exponentials that reflect the fast and common gating processes.
At more positive potentials, time constants were extracted from
activating currents. At hyperpolarized potentials, statistical
analysis indicated that increases in time constants were
significant only for the fast component at –160 and –140 mV. At
–160 mV, τ2 increased from 2.8±0.2 ms for WT channels (n=8)
to 4.7±0.4 ms for p.Val536Leu channels (n=6, p<0.001). At –140
mV, τ2 changed from 3.3±0.2 ms for WT channels to 4.4±0.4 ms
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Fig. 7. Co-expression of
p.Val536Leu and p.Phe167Leu
channels designed to mimic the
situation in the patient. (A)
Traces of currents evoked
through co-expressed
p.Phe167Leu and p.Val536Leu
channels in tsA cells. On the left:
deactivation properties were
studied at hyperpolarizing
potentials after activation at +20
mV. On the right: activation
currents were obtained from a
holding potential of –120 mV
and by successively applying
200 ms-conditioning pulses
between –160 mV and +80 mV.
Tail currents were generated at
–160 mV. Dashed lines indicate
the level of zero current. (B)
Voltage-dependence of relative
overall open probability (Po) and
relative open probability of the
common gate (Po

c) and fast gate
(Po

f). For Po, data points were
collected from tail currents
evoked at –160 mV after
conditioning pulses between
–160 mV and +80 mV. For Po

c,
data points were obtained by
inserting a 200-µs activation
pulse to +180 mV between the
conditioning pulse and the tail
pulse. As strong depolarization
fully activates the fast gate, tail
currents recorded at –160 mV
reflect only the common gate. Po

f

was obtained by dividing the
overall Po for a given voltage by
its corresponding Po

c. Data
points in graphs were fitted with
a Boltzmann function.



for Val536Leu channels (p<0.05). At positive physiological
potentials, the p.Val536Leu ClC-1 activated with time constants
that were dramatically increased compared to those of WT
channels. We show the results obtained at 0 mV and +20 mV,
representing the range of positive voltages reached by the
membrane during the action potential; the two time constants
extracted from activating currents are referred as τ1

act and τ2
act in

Table 2. The activation rate α of the common gate was reduced
by 53% and 63%, respectively, at 0 and +20 mV. At 0 mV, α was
3.9±0.6 s–1 for p.Val536Leu and 8.3±1.3 s–1 for WT (p<0.01). At
+20 mV, α was 4.44±0.43 s–1 for p.Val536Leu and 12.03±1.43
s–1 for WT (p<0.001). The deactivation rate remained
unchanged.

Although Zhang et al. (18) previously studied p.Phe167Leu
in HEK cells, here we used different protocols to re-examine the
biophysical properties of this mutation and to evaluate the
common and fast open probabilities, which were not previously
investigated. Our experimental conditions showed that this
aminoacid substitution modestly but significantly affected the
common gating, increasing the minimum relative open
probability by 29% and shifting the Po

c to more depolarized
potentials (V1/2was –50.1±4.5 mV for p.Phe167Leu vs.
–69.9±2.6 mV for WT; p<0.05) (Table 1). This was the only
effect observed; the overall open probability, the fast open
probability, and the time constants of the activating and
deactivating currents were unchanged (Fig. 6 and Table 2).

To recreate the heterozygous state of our patient, the two
mutants were co-expressed at a 1:1 concentration ratio in tsA
cells. The overall apparent Po and the Po

c preserved the right shift
that was observed with the expression of only p.Val536Leu,
while the Po

f showed the same voltage-dependence of that in WT
channels (Fig. 7; V1/2 values are listed in Table 1). The time
constants of the common and fast gates were extracted from
activating currents at positive potentials, and maintained higher
values compared to the WT channels; however, only τ2

act was

significantly different (Table 2). The activation rate of the
common gate remained slower, even when the difference
compared to WT channels was reduced. Moreover, we found a
significant increase in the deactivation rate at +20 mV (Table 2).

DISCUSSION

In the present study, we describe two aminoacid
substitutions that predominantly affect the common gate. The
first of these missense mutations is p.Val536Leu, which is
located at the end of the O helix of hClC-1 channels (9). The
effects of this mutant have not previously been investigated by
electrophysiological analysis; however, a point mutation in
Thr539 (three amino acids away from p.Val536Leu) was found
in a patient diagnosed with myotonia congenita (9).
p.Thr539Ala and p.Val536Leu each resulted in the voltage-
dependence of the common gate being shifted to more positive
potentials, reduction of the minimum Po

c, and slowing of
activation kinetics at positive potentials. The analogous effects
promoted by these mutations are likely explained by the
proximity of the O and P helices. Although the former does not
contribute to the dimer interface, it may still interfere with the
correct mechanism of common gating, similar to the manner in
which threonine 268 affects both fast and common gating
despite lying in helix G (23), as well as the exchange
p.Val536Leu.

We isolated both mutations p.Val536Leu and pPhe167Leu in
the same patient with MC. The mutated phenylalanine lies
within the second transmembrane segment, in a position highly
conserved for an aromatic residue (16). Previous studies have
reported that this mutation has very mild effects and the clinical
signs of the pathology have mostly been attributed to compound
heterozygosis with other mutations (16, 17, 18, 20, 21). Here we
separated Po

c and Po
f using methods described by Accardi and
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ClC-1 overall Po
V1/2 k

(mV)            (mV)

common Po
V1/2 k

(mV)            (mV)

fast Po
V1/2 k

(mV)             (mV)
WT –79.2±2.8        26.3±2.2 

n=9
–69.9±2.6        34.8±1.9

n=9
–101.2±2.4       20.3±1.9 

n=9
F167L –80.9±4.2        27.4±2.3 

n=9
–50.1±4.5*       36.1±2.3 

n=8
–102.9±1.6       18.8±1.5 

n=8
V536L –24.0±1.5***     34.3±1.2*

n=8
–23.6±0.3***      30.9±0.3

n=8
–87.2±3.1*       27.6±1.7*

n=8
F167L+V536L –48.7±0.4**      33.0±0.4

n=7
–31.3±0.5***      30.6±0.4

n=6
–98.1±0.5        22.8±0.5 

n=6

Table 1. Gating parameters for WT and mutant ClC-1 channels. Asterisks represent significant differences (* p<0.05, ** p<0.001, 
*** p<0.0001).

 WT 
(n=8) 

F167L 
(n=6) 

V536L 
(n=8) 

F167L+V536L 
(n=6) 

0 mV:      �1act (ms)  
τ 2

act(ms)  
α (s-1)  
β (s-1)  

134.6±25.4  
19.3±1.4  
8.3±1.3  

0.73±0.11  

137.4±27.4  
20.±2.8  
7.7±1.0  

0.68±0.09 

237.9±38.3* 
70.8±2.9*** 

3.9±0.6** 
1.04±0.16 

194.9±40.3 
46.3±7.9** 

5.5±1.1 
1.07±0.22  

+20 mV:  τ1
act (ms)  

� 2act(ms)  
α (s-1)  
β (s-1)

88.3±12.3 
13.2±0.8 

12.03±1.43 
0.63±0.07

149.1±39.6 
13.8±1.3 
8.1±1.4 

0.43±0.07

210.6±22.2*** 
48.2±4.7*** 

4.44±0.43*** 
0.66±0.06

123.2±32.2 
29.8±5.4** 

9.4±2.2 
1.1±0.3***

Table 2. Time constants, opening and closing rates, extracted from activating currents at positive potentials and corresponding to
common (τ1) and fast (τ2) gate processes. Asterisks represent significant differences (* p<0.05, ** p<0.01, *** p<0.001).



Pusch (6) and Aromataris et al. (8), and we showed that
p.Phe167Leu exclusively affected the common gate.

Co-expression of the mutants in tsA cells to reproduce the
compound heterozygous condition found in the patient produced
channels with an altered voltage-dependence of the slow gate but
with restored fast gate properties. The alteration of the slow
mechanism reflected the relative open probability, reducing the
contribution of ClC-1 channels in the range of skeletal muscle
physiological membrane potentials. At –80 mV, the approximate
resting potential of skeletal fibres, the relative Po of the
p.Phe167Leu/p.Val536Leu channels was reduced by 40%
compared to in WT channels. According to Lossin and George
(5), this reduction was insufficient to explain the myotonic
symptoms of the patient. However, it must be considered that the
present results were obtained with relative open probabilities,
which could underestimate the effects caused by the mutants.
Using noise and biochemical analysis to study single channel
conductance and channel expression, respectively, would
provide a more appropriate evaluation of the reduction in
chloride conductance. Moreover, a stronger impact of
p.Phe167Leu/p.Val536Leu mutants on chloride currents could
be revealed by the use of the action potential clamp technique,
which takes account of membrane potential “history” and
permits more physiological investigations of ionic current
profiles than conventional voltage-clamp protocols, as
previously reported (25, 26).

Altogether, the present results suggest that, in our patient,
chloride channels were unable to ensure the electrical stability of
muscle fibres, leading to membrane hyperexcitability, which is
responsible for myotonic runs and generalized stiffness (1, 24).
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