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CIC-1 chloride channel - matching its properties to a role in skeletal muscle
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Summary of resting membrane Clconductance in mammalian
) _ ) muscle, ensuring its electrical stabilisome contrgersy

1. CIC-1 is a CI channel in mammalian sletal ;|| remains. In particularphysiological experiments on
muscle, which plays an important role in membrangg|etal muscle localise Clconductance to the-fGibular
repolarisation following muscular contractiofReduction systemB® Moreover, dependence of the muscle ~Cl

of CIC-1 conductance results in myotonia — a stat§nductance on pH cannot bepkained by the pH
characterised by muscle hyperexcitability. dependence of CIC*.

2. CIC-1, as the other members of Clarfily, exists In this short reiew, we focus on the evidence that

as a dimer which forms a double-_barrelled channel. Ea%t]pports the notion that CIC-1 is the majof €iannel that
barrel, or pore, of CIC-1 isaged by its own gate (fast’ or regyjates muscle excitability and discuss possible reasons
‘'single pore’ gate), while both pores areated o some discrepagchetween results obtained in whole
simultaneously by another mechanism (‘slow’ or ‘commony,;scle and heterologous expression systems.
gae).

3. Comparison of the biophysical andThe role of CI conductance in skeletal muscle
pharmacological properties of heterologouskypressed .
CIC-1 with the properties of the Ctonductance measured Compared to other excitable cells,ekal muscle
in the skletal muscle strongly suggests that CIC-1 is thg@S unusually high Clconductance (@), accounting for
major CI channel responsible for muscle repolarisatior!P t0 85% of all membrane conductance at *estThe

However, ot all results obtained in thexgeriments on the &rge resting G, helps to stabilise the membrane potential
whole muscle or muscle fibres support this notion. and contributes to the repolarisation current which
4. In this review we atempt to bring together the terminates the action potential in skeletal musélghough

current knavledge of CIC-1 with the physiology of sletal  the effect on repolarisation atmtable to C1 channels is
muscle. probably small in comparison to the action oftage-gated
K* channels, it is nonetheless significao ensure that
depolarisation of the sarcolemmal membrane aehidés
Introduction desired effect, the-fubules bring the depolarisationawe
) _ ) into close proximity with the internal €& stores to
CIC-1 is a mammalian membrane protein Ofgimylate CA* release. Dugo the long diffusion distances
approximately 990 amino acids in length almostiesively  \ithin the Ftubule system of sdetal muscle, local ion
expressed in skeletal muscle, where it formsadBannet:  concentrations cannot rapidly equilibrate with those of the

Expression of CIC-1 in shetal muscle appears to bepyy extracellular fluid. As a consequence, the repolarising
dependent on the extent of innatton and muscle electrical i+ cyrrents from trains of action potentials would increase
actiity during deelopment?* Immunogtochemistry has ihe normally lev intratubilar K* concentration after
shavn it to be specifically localised in the sarcolemmqlepeated action potentials, thereby shifting the K
membrané:® The ph_ysiological role of CI_C-1 i_s iIIustr_ated equilibrium potential and depolarising the membra@ee

by the pathophysiology of human inherited diseasgoylg expect this to lead to aberrant generation ofv ne
myotonia congnita which results from naturally occurring aetion potentials.Fortunately the high Ct conductance in
mutations in the gene encoding CICALCNY). Myotonia,  geletal muscle helps to alleviate this probSne As the
which can be defined as gperecitability of the sleletal  ¢qncentration of Clwithin the extracellular fluid is more
muscle membrane, is characterised by repetifiring of han an order of magnitude greater than that bf tke
action pot_entials and p_rolonged muscle contraction @kect of ary CI~ movement out of the extracellular space
muscle stiffness, and is a result of a reduced Clyio the cell on the total Cl concentration in the
conductance due to CICt. Although comparison of the eyraceliular fluid and the Clequilibrium potential is

properties of the CIconductance measured inetital negligible, and the Cl conductance is able to gete the
muscle with the properties of heterologouslypressed depolarising effect of Kaccumulatior:15
CIC-1 leaves little doubt that CIC-1 contributes the majority Inhibiton of CI conductance by CI channels
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inhibitors such as anthracene-9-carboxylic acid (A-9-C) daM0 mV tavards typerpolarizing potentials, while the open
2-(4-chlorophenoxy)propionic acid (CPP) in muscle fibreprobability cune of AC-1 is shifted by 58 m\3437
results in myotonia, a condition in which a single actiovestigation of CIC-0 single channel kinetics atfeitnt
potential at a neuro-muscular junction causes regetitiCl~ concentrations led to a model of CIC-0 fast gating in
action potentials on the muscle membrane and delayetiich voltage independent Tlbinding to an xternal
muscle relaxatiof1217-20Similar conditions characterised binding site is follwed by a transfer of the boundCl

by repetitve firing of action potentials and prolongedacross the electric field during the conformational change of
muscle contraction or muscle stiffness occur naturally diee channel proteit?®® In such a model, oltage-

to mutations in the gene encoding CICALCN1 muscle dependence of the fast gate arises from interactions with the
chloride channel, causing reduction of muscle™ Clpermeating anion rather than through an intringittage-
conductance. In humans and animals mutations in CICsgnsing mechanism. A similar model was later adopted for
may cause follving symptoms: muscle stiffness, muscleCIC-138

weakness, percussion myotonia — myotonic muscles

become indented for maiseconds following a ble with a A B

percussion hammer warm-up phenomena - where o3,
symptoms are algated after an initial period of = |ﬁ —
movement, temperature dependence — symptoms &re 0|~
sometimes aggvated by the cold, and myotonic runs O
electromyographic examination — the repetitinuscular £ |

actiity which is most commonly used to diagnose ttHg Wild type A313T
diseas&l?? Muscle biopsies from myotonic goats, and

subsequently humans &ering similar symptoms, first 107 ‘ ‘ ‘ ‘ ‘ L ‘ ‘
implicated a reduced Gas responsible for the muscular 0 50 100 150 200 0 100200 250 300
disordef2324 Human myotonia related to Clchannel Time (ms) Time (ms)
dysfunction can be inherited in an autosomal dominant ¢ D

(Thomsers dsease) or recess (Beckers dsease) form. .

Of the more than 80 nonsense and missense mutations that ] 101 »*
have keen identified in human patients, rgamore are 0.01 T %

recessie than dominant (for ndew see Pusch, 200p
Truncating mutations, which arensys associated with the

s

lized Curren

-0.51

Apparent Po
o
3

more sgere Becler type myotonia, are more commonlyg 0ot o wr
located in the C- terminal tail of the protéi. 2 3 mM CPP ' O 3mMCPP
+ A313T
. 1.0 0.00
Properties of heterologously expressed CIC-1 muscle ; ; ; ; ‘ e T —
hlorid h | 0 50 100 150 200 -160 -100 -40 20 80 120
chioride channels Time (ms) Voltage (mV)

The recent X-ray crystallograplof prokaryotic CIC
proteins confirmed the idea \doped from earlier
electroplysiological studies that CIC channelsvlatwo

Figure 1. Effect of dominant myotonic mutation (A313T)
and 2-(4-chlorophenoxy) propionic acid (CPP) on CIC-1

identical poreg® It has been established that thed@ing. CIC-1 currents ecoded fom HEK293 cells
transmembrane domain of CIC channels is formed tmy t#*Pressing the WT human CIC-lhannel @), A313T
separate sulmits each containing a pore, while gw Mutant B) and in the pesence of 3mM CPP in the bath
interacting carboxyl tails form a cytoplasmic domain of th§olution €). InAand C, prepulse to +40 mV was followed

channef®?7 Single channel recordings of CIC-0, and latePY Volt&€ seps ranging fom -120 mV to +80 mV in 20
of CIC-1 suggested that these channelsvehawo mV incements. IrB, prepulse to +120 mV was followed by

independent gating processesistf gating’ or ‘single pore Voltage $eps ranging from —120 mV to +120 mV in 20 mV
gaing’ which acts on each individual pore of the doubleincrements. Holdmg_ potential was —-30 mV in all cases.
barrelled channel, and ‘slogating’ or ‘common @ting’ Currents ae rormalized to the peak current amplitude
which acts on both pores simultaneodéii® r_ecorded at —120 mV The effect of both the_A313T muta—
When expressed in heterologous systems, clctPn and 3 mM CPP on CIC-1 openopability (F) is
shavs voltage-dependent Cleurrents that deastite at S'OWN inD (n = 6 - 9). Appaent F, was estimated from the

hyperpolarizing potentials and saturate at depolarisirfff@K tail curents after the volge seps to diferent mem-
potentials (Figure 1334 Gating of CIC-1 is both altage brane potentials. Solid lineepresent the Boltzmann dis-

and Cr dependent similar to theadt gating of a tribution.

homologous Ci channel, CIC-0, expressed iforpedo

electric ogan3® CI~ dependence of both channelsvilent The structural basis of fasating has been deduced
when extracellular Cl concentration is changed. Whenfrom the crystal structure of the prokaryotic members of
extracellular Ct concentration is reduced 10 fold, the operT|C family. Although these proteins are not channels, b
probability cure of the fast gte of CIC-0 is shifted by transporters, it has been suggested that a side chain of
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glutamate, E148, may correspond to thetfgate of CIC through CIC-1 gpressed in Sf-9 insect cells and HEK293
channelg>273%This amino acid residue is highly conseav cells inactvate at ngaive potentials in agreement with
through members of the ClGirhily and corresponds to macroscopic Clcurrents recorded in muscle céttS At
E232 in hCIC-1.From analysis of the crystal structure, itpH 5.5 and bely the voltage dependence of CIC-1 is
appears that for Clconduction to occurthis gate must reversed and voltage steps to gave mtentials elicit
swing out of the \&y. Presumablythis occurs when a Cl activating currents$442 Similar transition of normally
ion from the atracellular solution enters the pore andnactivating CI~ currents at pH 7 into agtting currents at
displaces the glutamate side chain due to geharpH 5 has been shm in muscle fibred! The complete
interactiong’®27-40 permeability sequence of heterologoustpressed CIC-1 is

The common gating of CIC channels, includingSCN" > CIO,” >CI” >Br- > NO,” > ClO,” > I > BrO;” >
CIC-1, is much less understood. No structure has yet bed@O,” > F, while just for halides it is CI>Br™ > I~ > F-.56
identified that could represent the common gate. It is,cledhis sequence corresponds to a cationic site of moderately
however, that common gting involves significant structural strong field strength in the membrane (Eisenman sequence
re-arrangements of the protein, as temperature depende#r® From blocking ability when appliedx&rnally, the
of this type of ating is unusually hight3It is also clear binding sequence is SCN Clo,” > 1" > NO;” > Br™ >
that it involves interactions between dwsubunits and BrO,” > HCO;” > F~, which corresponds to thevofield
possibly between the carboxyl! tails. Mutations th&¢cif strength Eisenman sequencé’ TThese results agree with
common gating ha keen found in different parts of the early studies of foreign anion permeability and of block of
protein, including the carboxyl tail, but there is clustering ofCl~ efflux by foreign anions in frog muscle where the
such mutations on the interface between theisitwhere same sequence difference occuffetf. The stereospecific
the interaction is lily to occur® Nearly all mutations that actions of clofibric acid dertives, in particular
result in dominant type myotonia congenita shift thkkage 2(4-chlorophenoxy) propionic acid, or GP#s0 point to
dependence of CIC-1 commorating to more posie CIC-1 being the major ghetal muscle chloride channel
potentialsi®43-50 The shift of CIC-1 actiation to positve (Figure 1). When applied to mammalian muscle, the
potentials reduces Clcurrents within the pfsiological decrease in G and myotonic symptoms obseds are
range of wltages, resulting in the musclggerexcitability entirely attributable to the S-(-) enantiomer of the
characteristic of myotonic disease (Figure Most of the compound® Similarly, when applied to heterologously
dominant ngaive mnutations also change the CIC-lexpressed rat and human CIC-1 channels, a stereospecific
kinetics, slowing down current aedlion at depolarising reduction of channel open  probability asv
potentials, which contriltes to the reduction of the Tl discosered’374961This mechanism of action of CPP and
conductance in myotonic musé&The dominant ngetive  its dervatives is smilar to the mechanism by which
effect of these mutations is illustrated in experiments wheraturally occurring dominant mutations GiCN1 result in
mutant subnits impose their altered gating on mutant/wildnyotonic symptoms in muscfé.
type heterodimerd’44-46.51 o

The fact that dominant metive nutations that shift ClC-1 localisation in skeletal muscle
P, of th_e slov (_:_]ating to more po;it'e motentials can cause Despite @erwhelming eidence that CIC-1 is the
m)jotonla provides strpngest evidence that of all types major CF channel in the skeletal muscle some
CI~ channels present in the skeletal muscle, only CIC-1

ible f lati ¢ itseitability. With on screpancies still remain. In the first instance, it is
responsible for reguiation of it@tability. With only one currently unresoled whether the high Clconductance of
allele carrying dominant mutation there is a 25% chan

. . .IMammalian skeletal muscle resides in the sarcolemma or in
that both monomers comprising a CIC-1 dimer are wil

i Theref individuals that Ve cominant toni e Ttubules. With repetitie nuscle stimulation K
ype. Theretore, individua's tha minant myotonia - 5 -cymulates more in the nawd-tubular system than in

congenita must e eletal muscle Cl conductance of at .the extracellular space, so oneuld expect to find at least

least .25% of the norm, due to the presence 9f W'lgome Ct conductance in the-flibular membrane Recent
type{wn_d type CI.C'l d|m(|ars. Ohn the otlher_ k:nd,_ to Irlducl?nmunohistochemical evidence suggested that CIC-1 is
myofonic Tuns n muscie, pharmacologicaipenments particularly concentrated in the sarcolemmal membrane
h""’e5§‘5°3”” that muscle ¢ should be reduced by aroundpyner than the ubule systenf® These results dr
750./0’ >” suggesting a lge s_afety margin prior to gin gfamatically from preious physiological localisation of
noticeable symptoms of the dlsegse... In the bresence of 2 Kaletal muscle Clchannels. Using glycerol treatment, G

of normal CIC-1 conductance yasignificant additional Ci in mammalian muscle as previously shown to be simlilar

conductance dge o a presence of otherciannels wuld on surface and-fubular membranes which when corrected
render myotonic muscle normalherefore, taken togetherf r surface area suggested that up to 80% of Cl

tf;}ese r?sglts |n|d|§ate tpat(trret rlole of Iother t‘?ebr?l'tuC:l ?onductance may be associated withtuules®1162
channels In fguiation of skeletal muscie excitability musty,oreover, the presence of a large Gionductance in the

be negligible. T-tubular system, which is up to 4 times larger than thie K

The ~comparison of the biophysical andconductance, has been smin mechanically skinned rat

pharmacological properties of the heterologousiyressed fibres with the sarcolemmal membrane reed® As CIC-1

CIC-1 with the properties of skgletal . muscle ~ Cl does not appear to be present iftubules using both
conductance strongly supports this notiorCurrents
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immunofluorescence and cell fractionation techniques, it The pH dependence of CIC-1 xpressed
has been suggested that a distinctlfedént Ct channel heterologously in Sf-9 and HEK 293 cells has been well
may be present in-flibules*® Several types of single Cl characterised®When pH is lowered to 5.5 and belthe
channel currents kia been recorded from sarcolemma andioltage dependence of CIC-1 isveesed and at this pH
T-tubular membrane, but there is no evidence thay th&ClC-1 is opened by hyperpolarization and is inattid at
contritute to macroscopic Clconductance recorded from depolarised potentials. As a consequence, the avdtw
skeletal muscl&54and, as noted earligt is CIC-1 that is current through CIC-1, which in the muscle is responsible
important in prgenting myotonic contractions. for membrane repolarization, is smaller at pH 5.5 than at
One possible explanation for these conflicting resultsormal pH*? In addition, the fperpolarization-actiated
may come from a recent study that shows redistribution géting of CIC channels, including CIC-1, strongly depends
CIC-1 during processing of sletal muscle. While on intracellular Ci concentration, with open probability
immunolocalisation studies of the CIC-1 in ratelgtal dropping to nearly zero at muscle resting potential at 4 mM
muscle cryosections sied a prominent sarcolemmalinternal Cf,%7 which might explain lav CI~ conductance in
staining, in single myofibres cultured in Matrigel all ofthe muscle at pH belo 5.5. Hovever, when the pH is
CIC-1 specific staining is intracellularThe lack of lowered from 7.4 to 6.8, there is only a small increase of
sarcolemmal CIC-1 was obsens immediately after the open probability of heterologouslyxgressed CIC-1 at
isolation of the fibres. Protein kinase inhibitors and electrivegative potentials3* which does not explain the decrease
stimulation of the fibres returned the CIC-1 to thef CI~ conductance seen in the muscle. It isvknahat
sarcolemma.This suggests that localisation of CIC-1 in thegating of CIC-1 is altered by foreign anions present either
muscle is strongly regulated and that CIC-1 rapidlgxtra- or intracellularly® Most of them, including some
internalises when muscle fibres are isolated and maintainedanic anions, block CIC-%6-%8|t is also known that block
in cell culture conditions. These results could offaresd  of CIC-1 by the anions of carboxylic acids is strongly pH
explanations for discrepapcbetween physiological and dependeni’®® There is a range of endogenousgjanic
immunological localisation of CIC-1. It is possible thatanions present in the muscle, which might block CIC-1 or
glycerol treatment, which is used to seal théulular effect its ting. It is possible that ven moderate
system, also disrupts sarcolemmal™ @onductance by acidification of the muscle is sufficient to substantially
facilitating CIC-1 internalisation, while in skinned fibres, inincrease the block of CIC-1 by one of these anions, which
the absence of sarcolemma, the CIC-1 internalised duringuld result in reduction of muscle Glonductance.
the isolation procedure is incorporated intulbular The possibility that regulation of CIC-1 agty in
membrane after the fibre has been electrically stimulateduscle might be more complicated that previously thought
Another possibility is that CIC-1 is, ira€t, present in the is well demonstrated by recent finding that CIC-1 gating is
T-tubules of intact skeletal muscle as well as in thenodulated by intracellular nucleotid&sAddition of 5 mM
sarcolemma but is not visible with the antibody that ha&TP to he intracellular solution shifts open probability of
been used. This antibody binds to residues in the carboxlyge common gte of heterologously expressed CIC-1 by
tail of CIC-1, and it is possible that when CIC-1 is localisedb0 mV tovards depolarising potentials, essentially
in T-tubules this part of the carboxyl tail of CIC-1 interactgeducing Ci conductance at muscle resting potenfiBl
with the intracellular proteins rendering CIC-1 uaikable fold. Other adenosine nucleotides, ADT and AM&vea

for antibody binding. similar effect. The product of AMP deamination, IMP
o however, has no effect on CIC-1 open probabilitp fast
Muscle excitability and dependence of CIC-1 on pH twitch muscles during intense sprintescise ATP can be

Another point of contention is the pH dependence hi ibility that und diti f int
muscle &citability and pH dependence of heterologousl IS opens a possibility that under conditions of sSprin
xacise or ischemia, open probability of CIC-1 might

expressed CIC-1. Experiments on skinned muscle fibré:

and isolated rat soleus muscles suggested thatergcof mcr_iaasﬁtdue tdo the tfatlml TTR Ite/e]!si.thus rI(;,\d_uclng n:u SCI?
excitability in K*-depressed muscles induced bfxc' abriity and contributing to fatigue. 1 Is tempting to

acidification is related to reduction in the inhibitory™ Cl speculate that such a mechanism of CICg.L_JImion by
conductancé?®® |t has been shown thatwering pH from ATP would protect. CPT”S both from the_toxmfﬁfts of
7.4 to 6.8 causes a significant reductiam6fs) of the prolonged depolarisation and, by reducingPAdemand,

muscle Ci conductance and a concurrent regy of action from comri')kl]ete ATP deplgdtlon and %‘iajet)her:dgnt da(rjnage. f
potentials and force in muscle in the presence of hi owever, There 1s no evidence so far that dependence o

extracellular K (9-11 mM)2° Similar recwery of force and C-1 on ATP has anrole in regulation of muscle

excitability could be achieed a normal pH by blocking CI excitability, and the only indication that such mechanism

conductance by A-9-C. The authors concluded that shopi]-ight &ist comes from the early experiments conducted on
term regulation of Cl channels is important for metabolically &hausted muscle fibres showing about a 15

i . 1
maintenance of excitability of evking muscle. These fold ereatlts]e n CIcoSdudqtancé.d tv of CIC-1 that
results suggested that CIC-1 expressed in the muscle is nother recently disa@red property 0 ) a

t v oH d dent i f bH bet 74 could be releant for musgle phsiology is the regulation of
Zr:gnegg pH dependent in & hawrgange ot pri between pH. CIC-1, apart from being a Gthannel, is also a CIH*

antiporter’? Similar to gating of some other members of the

§epleted to feels belov 1 mM and accumulated as IMP
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CIC family, gating of CIC-1 iwolves transport of protons 8. Dulhunty AF. Distribution of potassium and chloride

across the membraié’® This maement of protons
through CIC-1 wer expressed inXenopus oogytes is
enough to change the pH by up to 0.2 units on either side of

surbice and Fubule
muscle. J.

permeability oer the
membranes of mammalian d&tal
Membr Biol. 1979;45: 293-310.

the membrane, depending on the membrane potengal. ¥. CoonanJR, Lamb GD. Effect of transvse-tubular

again, it is not knwn whether this property of CIC-1 has
ary physiological role in muscle.

Conclusions 10.

Since CIC-1 has been cloned and studied in

heterologous expression systems, it has become apparent

that it is rgulated by the extracellular and intracellular
anion binding sites,xracellular and intracellular pH, and 1.
intracellular adenosine nucleotides. It has been shown that
the expression of CIC-1 on the sarcolemma is tightlg
regulated by phosphorylation and depends on electric ?
activity of the muscle. aken together these results sugges
that intracellular AP, anionic metabolites, and pH may use
CIC-1 as one of the pathways that regulate tuitability

of working muscle. The extent to which CIC-1 isadlved 14.
in regulation of muscle excitability according to
physiological conditions might not be fully appreciated anfi5
requires further ivestigation.
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