
The total Cl¦ conductance is large in both mammalian and

amphibian skeletal muscle fibres and plays an important role

in stabilizing the membrane potential (Bryant & Morales-

Aguilera, 1971; Palade & Barchi, 1977; Dulhunty, 1979;

R�udel & Lehmann-Horn, 1985; Bretag, 1987; Fahlke &

R�udel, 1995). Conductance experiments in intact and

detubulated fibres have indicated that virtually all of the

Cl¦ conductance in frog fibres is located in the surface

membrane, with very little or none in the transverse-tubular

(T_) system (Eisenberg & Gage, 1969). In contrast, other

investigators using potentiometric dyes have concluded that

a Cl¦ current contributes substantially to the total T_system

outward current during the rapid phase of repolarization of

an action potential in frog fibres, indicating that there is a

significant Cl¦ conductance in the T_system (Heiny, Valle &

Bryant, 1990). In agreement with earlier work in frog fibres

(Foulks, Pacey & Perry, 1965), Cl¦ withdrawal experiments

in toad fibres (Dulhunty, 1982) found a small degree of

T_tubule swelling, indicative of the presence of a Cl¦

permeability, although the relative amount could not be

reliably calculated. Thus, the relative contribution of the

T_system to the total Cl¦ conductance in amphibian muscle

fibres is quite unclear.

In rat muscle fibres, detubulation experiments have indicated

that the great majority of the Cl¦ conductance is located in

the T_system (Palade & Barchi, 1977; Dulhunty, 1979).

However, such experiments are open to question, because

glycerol treatment is often incomplete and causes

depolarization in mammalian fibres (Dulhunty, 1982; Bretag,

1987). Further support for a large T_system Cl¦ conductance

in rat fibres comes from the substantial T_tubule swelling

observed upon Cl¦ withdrawal (Dulhunty, 1982) and from

capacitance measurements (Dulhunty, Carter & Hinrichsen,

1984). It is said that the ClC-1 channel is the major Cl¦
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1. The influence of the transverse-tubular (T_) system Cl¦ conductance on membrane excitability

in skeletal muscle fibres of toad and rat was examined because of conflicting conclusions of

previous studies on Cl¦ conductance. A mechanically skinned fibre preparation was used that

permitted investigation of Ca¥ release via the normal T_system voltage-sensor mechanism

after complete removal of the surface membrane, which thereby allowed estimation of the

T_system potential from force measurements.

2. When a skinned fibre was bathed in a high-[K¤] solution, the sealed T_system became

polarized and could be rapidly depolarized by replacing the K¤ with Na¤, thereby eliciting

Ca¥ release from the sarcoplasmic reticulum. In rat skinned fibres, addition of 20 mÒ Cl¦ to

the ‘myoplasm’ (i.e. bathing solution) partially depolarized the T_system, inducing Ca¥

release and subsequent voltage-sensor inactivation. These effects were completely abolished

with 100 ìÒ of the Cl¦ channel blocker 9-anthracene carboxylic acid (9_AC). Voltage-sensor

inactivation increased in a graded manner over the range 3—20 mÒmyoplasmic Cl¦.

3. In toad fibres, voltage-sensor inactivation was only detectable at > 10 mÒ myoplasmic Cl¦,

and 20 mÒ Cl¦ was only able to depolarize the T_system sufficiently to trigger Ca¥ release if

the myoplasmic [K¤] was reduced by 50%. In toad fibres, 100 ìÒ 9_AC caused little if any

block of the T_system Cl¦ conductance.

4. It was also found that when skinned fibres were obtained from muscles that had been bathed

in a zero Cl¦ extracellular solution, the initial Na¤ substitutions were more effective at

depolarizing the T_system. This is consistent with Cl¦ trapped in the sealed T_system

exerting a polarizing effect on T_system potential.

5. These results unequivocally demonstrate that there is a large 9_AC-sensitive Cl¦ conductance

in the T_system of rat fibres, and a smaller, though still appreciable, Cl¦ conductance in the

T_system of toad fibres, which is relatively insensitive to 9_AC. The results are important for

understanding the basis of the Cl¦ channel aberration in myotonia.
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channel in mammalian skeletal muscle (Steinmeyer, Ortland

& Jentsch, 1991b), and Fahlke & R�udel (1995) have suggested

that a single population of channels dominates the Cl¦ con-

ductance. ClC-1 is blocked by 100 ìÒ 9-anthracene carboxylic

acid (9_AC) (Steinmeyer et al. 1991b), as is most if not all of
the Cl¦ conductance in mammalian muscle (Fahlke & R�udel,

1995). However, using immunofluorescence microscopy and

fractionation of muscle membranes, it was concluded that in

mouse fibres ClC-1 is confined exclusively to the surface

membrane (Gurnett, Kahl, Anderson & Campbell, 1995).

Assuming that rat and mouse fibres are comparable, this

would imply that either ClC-1 is not the major contributor to

the Cl¦ conductance or there is actually relatively little Cl¦

conductance in the T_system in mammalian fibres.

This study investigates the presence and relative importance

of the T_system Cl¦ conductance in both rat and toad fibres,

using a mechanically skinned fibre preparation in which the

normal excitation—contraction (E—C) coupling mechanism is

still functional (Lamb & Stephenson, 1990). As the surface

membrane was completely absent, we were able to separately

identify the effect of the T_system Cl¦ conductance on

T_system potential by its effect on voltage-sensor activation

and inactivation. These experiments show that there is a

large Cl¦ conductance in the T_system of rat fibres, which is

blocked by 100 ìÒ 9_AC, and a smaller, though still

appreciable, Cl¦ conductance in the T_system of toad fibres,

which is insensitive to 9_AC. The findings suggest that a

substantial part of the Cl¦ conductance in mammalian muscle

may not be attributable to ClC-1, and this is important in

understanding the role of Cl¦ conductance aberrations in

myotonia.

METHODS

Isolation of skinned fibres

Tropical cane toads (Bufo marinus), which had been kept at 16°C

for 1 to 5 weeks before use, were immobilized by a blow to the head

and killed by pithing, and then both iliofibularis muscles were

removed. Long Evans hooded rats (Rattus norvegicus) were killed
by asphyxia under halothane anaesthesia (2% vÏv) before removal

of both extensor digitorum longus (EDL) muscles. The muscles were

placed in paraffin oil immediately after excision (and kept cool on

ice), except for some experiments (see below) where they were first

placed in a particular extracellular solution in order to modify the

ionic environment in the T_system. Single muscle fibres were

isolated from the whole muscle (under paraffin oil) and mechanically

skinned. The skinned fibre was mounted onto a force transducer

(AME875; SensoNor, Horten, Norway), and stretched to 120% of

its resting length. The fibre was then placed into a 2 ml Perspex

bath containing a potassium 1,6-diaminohexane-N,N,N ',N '-tetra-

acetic acid (HDTA) solution for 2 min, to allow the sealed T_system

to polarize (Lamb, Junankar & Stephenson, 1995), before being

stimulated by rapid substitution of an appropriate solution. All

experiments were performed at room temperature (23 ± 2°C).

Solutions

All chemicals were obtained from Sigma unless stated otherwise.

The potassium HDTA (K-HDTA) solution consisted of (mÒ): K¤,

117 (toad) or 130 (rat); Na¤, 37; HDTAÂ¦ (Fluka, Buchs,

Switzerland), 50; total ATP, 8·0; total creatine phosphate, 10·0;

total Mg¥, 8·5; Hepes, 60 (toad) or 90 (rat); NaN×, 1·0; total EGTA,

0·025; pCa (−logÔÑ [Ca¥]) 6·7, pH 7·10 ± 0·01. The T_system of a

skinned fibre was depolarized by replacing the K_HDTA solution

with a matched sodium HDTA (Na_HDTA) solution or in some

cases with a choline chloride (ChCl) solution. The Na-HDTA solution

used for rat or toad fibres was identical to the corresponding K-

HDTA solution except that all K¤ was replaced with equimolar Na¤.

The ChCl solution contained (mÒ): ChCl, 100; Na¤, 42 (toad) or 50

(rat); total ATP, 8·0; total creatine phosphate, 10·0; total Mg¥,

8·15; Hepes, 20 (toad) or 50 (rat); NaN×, 1·0; total EGTA, 0·025.

These solutions all contained 1·0 mÒ free Mg¥ and had an

osmolality of approximately 255 ± 5 and 295 ± 5 mosmol kg¢ for

the toad and rat solutions, respectively. Relaxing and maximum

Ca¥-activating solutions were similar in composition to the

corresponding K-HDTA solutions, except that all HDTA (50 mÒ)

was replaced with EGTA or Ca-EGTA, respectively, and the total

magnesium was adjusted to maintain a free [Mg¥] of 1 mÒ

(Stephenson & Williams, 1981). A K¤-based stock solution with

120 mÒ Cl¦, which had identical pH and ATP, creatine phosphate,

and free Mg¥ concentrations as the K-HDTA solution, was mixed

with the K-HDTA solution to give solutions with different

myoplasmic [Cl¦]. This KCl stock solution was (mÒ): KCl (Ajax),

103; NaµATP, 8·0; sodium creatine phosphate, 10·0; MgClµ, 8·3;

Hepes, 20. A corresponding NaCl solution in which all K¤ was

replaced with Na¤ was used for mixing the Na-HDTA solution.

The [Cl¦] in the T_system was modified by incubating a whole

muscle for 30 min in a Ringer-like solution in which Cl¦ was

replaced with methanesulphonate (CH×SO×¦). The composition of

the NaCH×SO× solution used for the toad was (mÒ): NaCH×SO×

(Aldrich), 110; KOH, 4; CaBrµ, 2; MgBrµ, 1; Hepes, 15; glucose,

10·0; adjusted to pH 7·10 ± 0·01 with NaOH. A muscle soaked in a

matched NaCl solution was used as control. Similar solutions for rat

experiments were made using 140 mÒ NaCH×SO× or NaCl.

Stock solutions of 9_AC (Aldrich) were prepared on the day of use

in either of two ways. In the first, a 0·4 Ò 9_AC stock was prepared

in dimethyl sulphoxide (DMSO) and diluted 4000-fold to produce a

[9_AC] of 100 ìÒ in the final solution. Alternatively, a 5 mÒ 9_AC

stock was prepared in double-distilled water and adjusted to

pH 7·10 ± 0·01 with 4 Ò NaOH. This was diluted 50-fold to also

produce a [9_AC] of 100 ìÒ in the final solution. An equal amount

of DMSO or double-distilled water was added to all corresponding

‘control’ solutions not containing 9_AC. DMSO and double-distilled

water at these concentrations had no noticeable effect on

depolarization-induced force responses in either toad or rat fibres.

The effects of 9_AC were the same regardless of the way the stock

was prepared.

Contractile apparatus experiments

The effects of Cl¦ and 9_AC on the Ca¥ sensitivity and the

maximum Ca¥-activated force of the contractile apparatus were

determined by directly activating the fibre in a series of solutions in

which the [Ca¥] was very heavily buffered at progressively higher

levels, as described by Bakker, Lamb & Stephenson (1996). These

solutions were made by mixing appropriate proportions of the

50 mÒ EGTA and 50 mÒ Ca-EGTA solutions. Control solutions had

the same volume of DMSO added (0·025%) as the solutions

containing 9_AC. The force produced at each pCa was expressed as

a percentage of the maximum Ca¥-activated force in that fibre.

Plots of force versus pCa for each fibre were fitted with Hill curves

by the analysis program GraphPad Prism (GraphPad Software Inc.,

San Diego, CA, USA) to obtain the slope and the pCaÛÑ, i.e. the pCa

value giving half-maximum force.
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Force traces and analysis of results

In all traces showing depolarization-induced force responses,

skinned muscle fibres were bathed in the standard K-HDTA

solution, unless otherwise indicated. In the text, mean values ±

s.e.m. are shown and statistical probability (P) was determined

with Student’s t test (paired or unpaired, as appropriate), or where

indicated with a two-way ANOVA on the first four force responses

of a data set, and considered significant if P < 0·05.

RESULTS

Depolarization-induced force responses in skinned

muscle fibres

As described previously (Lamb & Stephenson, 1990, 1994),

when a skeletal muscle fibre is mechanically skinned, the

T_system seals off and evidently becomes polarized if the

fibre is placed into a high-[K¤] solution that mimics

the normal myoplasmic environment (see Methods). Trans-

ferring the skinned fibre to a Na¤-based solution with no

K¤ shifts the equilibrium potential for K¤ across the

T_system membrane from a strongly negative value (defined

as myoplasm relative to T_system lumen, as in intact fibres)

to a positive value, causing depolarization of the membrane,

which in turn triggers Ca¥ release from the sarcoplasmic

reticulum (SR) and a rapid, transient force response

(e.g. Fig. 1A). These responses are highly analogous to

potassium contractures in intact fibres. The [Cl¦] in the

sealed T_system is unknown, but initially should be quite

high owing to the entrapment of extracellular fluid, and as

there is no Cl¦ in the standard bathing solutions, this will

have a polarizing effect on the T_system potential. This

may explain why replacing K¤ with Na¤ is initially not

fully effective in eliciting depolarization-induced responses

(see later for discussion of ‘work-up’, e.g. Fig. 5). Many

depolarization-induced responses (typically 15 to 30) can be

elicited before the fibre eventually becomes ‘run down’,

provided that the fibre is returned to the high-[K¤] bathing

solution for 30 s to 1 min to repolarize between successive

depolarizations.

Depolarizing effect of myoplasmic Cl¦ in rat EDL

fibres

In order to investigate whether there is a substantial Cl¦

permeability in the T_system of toad and rat fibres, we

examined the ability of ‘myoplasmic’ Cl¦ (i.e. Cl¦ in the

bathing solution) to depolarize the T_system in skinned

fibres and hence cause activation and inactivation of the

voltage sensors. Adding Cl¦ to the myoplasm will make

the Cl¦ equilibrium potential across the T_system less

negativeÏmore positive (irrespective of the exact [Cl¦] in the

T_system), which will cause depolarization of the T_system

if the Cl¦ permeability is appreciable relative to the K¤

permeability (see Discussion). The skinned fibre preparation

is ideally suited to such a study because the complete

absence of the surface membrane allows rapid change of

the myoplasmic conditions. Preliminary experiments on the

properties of the contractile apparatus showed that the

presence of 10 or 20 mÒ Cl¦ in the myoplasm had no

noticeable effect on maximum Ca¥-activated force, and

caused a slight increase in Ca¥ sensitivity (ÄpCaÛÑ was

0·017 and 0·081, in 10 and 20 mÒ Cl¦, respectively) in rat

fibres, but no significant change in toad fibres (Coonan &

Lamb, 1998). In the depolarization experiments, fibres were

first stimulated repeatedly by successive Na¤ substitutions

(in the absence of myoplasmic Cl¦) until near-maximal

depolarization-induced force responses were achieved (see

later for discussion of ‘work-up’ of initial responses). Then,

following 1 min of repolarization in the standard K¤ solution,

each fibre was exposed to a similar K¤ solution containing

20 mÒ myoplasmic Cl¦ (with isosmotic reduction of K-

HDTA, see Methods). In all ten rat fibres examined, this

resulted in the production of a substantial force response

(e.g. left_hand section of Fig. 1A), with the mean size being

37 ± 6·3% of the force response to the preceding Na¤

substitution in the same fibre (18 observations in 10 fibres).

Several lines of evidence indicate that this response upon

rapid addition of 20 mÒ Cl¦ to the myoplasm was due to the

Cl¦ causing depolarization of the T_system membrane.

Firstly, if a fibre was maintained in the 20 mÒ Cl¦ solution

for a further 30—60 s, the response to depolarization by Na¤

substitution (with 20 mÒ myoplasmic Cl¦ still present) was

substantially attenuated, with the mean size being 57 ± 10%

of the force response to the preceding Na¤ substitution in

the same fibre (18 observations in 10 fibres; e.g. Fig. 1A,
which shows a case of marked attenuation). Even when the

response to depolarization was strongly attenuated by

prolonged exposure to 20 mÒ myoplasmic Cl¦, lowering the

[Mg¥] (from 1 to 0·015 mÒ) invariably elicited a near-

maximal force response, showing that the Ca¥ release

channels could still be activated directly. Thus, prolonged

exposure to 20 mÒ myoplasmic Cl¦ inhibited voltage-sensor-

mediated responses without inhibiting direct activation of

the release channels. Furthermore, if the Cl¦ remained in

the myoplasm, it continued to exert its inhibitory effect long

after its initial activating effect, or even when such

activation was avoided (see later, Fig. 2), showing that the

inhibition depended on the presence of myoplasmic Cl¦

rather than its ability to induce Ca¥ release. Thus, these

data are consistent with the voltage sensors in the T_system

becoming inactivated during the prolonged exposure to the

20 mÒ myoplasmic Cl¦ solution, which in turn implies that

the Cl¦ depolarized the T_system to some extent.

Further evidence that the 20 mÒ myoplasmic Cl¦ solution

elicited responses by depolarizing the T_system membrane

was the finding that the same solution did not elicit any

response if it was applied when the voltage sensors were

already in the inactivated state. In these experiments, the

fibre was depolarized by Na¤ substitution, eliciting the usual

large force response, and then kept in that solution for a

further 30—60 s to ensure that voltage sensors were

inactivated (Lamb & Stephenson, 1990). In all five cases

examined, when the inactivated fibre was exposed to the

20 mÒ Cl¦ solution, no force response was observed

(e.g. middle section of Fig. 1A). In each case it was shown

that the SR was still loaded with Ca¥ because a large

T_system chloride conductanceJ. Physiol. 509.2 553



response could be evoked by Na¤ substitution after

repolarizing the fibre for 30 s. Furthermore, when fibres were

repolarized for at least 30 s and then exposed to the same

20 mÒ Cl¦ solution as described earlier, they once again gave

a substantial force response in every case (e.g. right_hand

section of Fig. 1A). Thus, the 20 mÒ Cl¦ solution only elicited

a response when the voltage sensors could be activated,

strongly suggesting it acted by depolarizing the T_system.

Finally in this regard, in all six rat fibres examined, the

force response to the 20 mÒ Cl¦ solution was completely

blocked by the presence of 100 ìÒ 9_AC (e.g. middle section

of Fig. 1B), an agent known to block all Cl¦ conductance in

mammalian fibres (Bretag, 1987; Fahlke & R�udel, 1995).

When fibres treated with 9_AC were depolarized by Na¤

substitution at the end of a 1 min period in the 20 mÒ Cl¦

solution, they showed little or no evidence of inactivation

(e.g. Fig. 1B), giving a response of 82 ± 11% of the

preceding Na¤ depolarization. At a concentration of 100 ìÒ,

9_AC had no detectable effect on the contractile apparatus

properties of either toad or rat fibres (see Methods), i.e. there

was no significant change in the maximum Ca¥-activated

force or the pCaÛÑ (toad: ÄpCaÛÑ = 0·013 ± 0·007, n = 7;

rat: ÄpCaÛÑ = 0·003 ± 0·003, n = 7). Thus, 9_AC stopped

20 mÒ myoplasmic Cl¦ both from eliciting Ca¥ release and

inhibiting the response to Na¤ substitution.

The data on the effects of Cl¦ detailed in the above sections

can only be readily explained by concluding that: (a) there

was a substantial Cl¦ conductance in the T_system of rat EDL

fibres, (b) addition of 20 mÒ Cl¦ to the myoplasm of rat fibres

depolarized the T_system sufficiently to appreciably activate

and then inactivate the voltage sensors, and (c) 100 ìÒ 9_AC

prevented this depolarization by blocking the T_system Cl¦

conductance.
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Figure 1. Effect of 20 mÒ myoplasmic Cl¦ on activation and inactivation in a rat EDL fibre

A, replacement of the K-HDTA solution bathing a skinned EDL fibre with a Na-HDTA solution (for the

periods indicated by the horizontal bars labelled Na¤) depolarized the sealed T_system and elicited Ca¥

release and a large force response. When the fibre was again polarized (in K-HDTA solution, no bar),

addition of 20 mÒ Cl¦ to the myoplasm (with isosmotic reduction of K-HDTA) elicited a substantial force

response, and then caused the fibre to become largely unresponsive to Na¤ depolarization. This indicates

that the Cl¦ addition caused substantial depolarization of the T_system. Consistent with this, Cl¦ did not

elicit any force response when applied after prolonged (1 min) depolarization in the Na¤ solution, which was

sufficient to inactivate the voltage sensors in the T_system. B, the depolarizing effect of myoplasmic Cl¦

seen in another EDL fibre was reversibly blocked by the presence of 100 ìÒ 9_AC. Time scale: 2 s during

periods indicated by continuous horizontal bars, and 30 s during periods indicated by the horizontal dotted

bars and elsewhere. In this and subsequent figures, Max indicates exposure to the Ca-EGTA solution

(pCa 4·5), which gives maximum Ca¥ activation of the contractile apparatus.



Dependence of voltage-sensor inactivation on

myoplasmic [Cl¦]

We then examined the manner in which steady-state

inactivation of the voltage sensors varied with myoplasmic

[Cl¦]. Each skinned fibre was first depolarized by Na¤

substitution several times to ensure the response was

maximal. Whilst still inactivated following a maximal Na¤

depolarization, each fibre was exposed to a K¤ solution

containing either 3, 6, 10 or 20 mÒ Cl¦, and then

depolarized twice by Na¤ substitution (at 1 min intervals),

before the responses in the absence of Cl¦ were again

examined (e.g. Fig. 2A). This protocol enabled examination

of the effect of myoplasmic Cl¦ on steady-state inactivation

in the absence of any SR depletion that might occur when a

polarized fibre was first exposed to Cl¦ (e.g. Fig. 1A). In most

cases, the effect of either two or three different concentrations

of Cl¦ were examined successively on the same fibre (using

intervening control responses), with the order of examination

randomized between fibres. The summarized results in

Fig. 2B show that the response in the presence of Cl¦ was

significantly smaller than the bracketing control responses

at every [Cl¦] examined (all P < 0·025), with the size of

the reduction increasing with higher myoplasmic [Cl¦].

Corresponding data in toad fibres (Fig. 2C) showed that the

response to Na¤ depolarization was slightly potentiated

(•10%) in both 3 and 6 mÒ Cl¦ (P < 0·005), was not

significantly changed in 10 mÒ Cl¦, and substantially

inhibited in 20 mÒ Cl¦ (P < 0·005).

In order to confirm that the inhibitory effect of myoplasmic

Cl¦ on the response was due to chronic partial depolarization

of the T_system with resultant partial inactivation of the

voltage sensors, some rat EDL fibres were examined both in

the absence and presence of 100 ìÒ 9_AC (e.g. Fig. 3A). The
presence of 9_AC completely reversed the inhibitory effect

T_system chloride conductanceJ. Physiol. 509.2 555

Figure 2. Effect of myoplasmic Cl¦ on depolarization-induced force responses

A, force responses in a rat EDL fibre showing the protocol used. Cl¦ was added to the myoplasm whilst the

fibre was refractory following a control depolarization, and the responses to two consecutive Na¤

depolarizations in the presence of Cl¦ were compared with bracketing pairs of responses in the absence of

Cl¦. Time scale: 2 s during Na¤ depolarizations and 30 s elsewhere. B, mean (± s.e.m.) force response of rat

EDL fibres to Na¤ depolarization in the presence of the indicated myoplasmic [Cl¦] relative to bracketing

control responses; all values were significantly lower than 100%. C, corresponding mean data in toad fibres;
values indicate a small but significant potentiation of the response in 3 and 6 mÒ Cl¦, no significant change

in 10 mÒ Cl¦ and a substantial reduction of the response in 20 mÒ Cl¦.



of myoplasmic Cl¦, with the response to Na¤ depolarization

actually being potentiated by 9 ± 1% (n = 11, P < 0·0005)

in 10 mÒ Cl¦ and 5 ± 1% (n = 4, P < 0·025) in 20 mÒ Cl¦

(Fig. 3B). The size of the response to Na¤ depolarization in

Cl¦ and 9_AC was expressed relative to the bracketing

control responses with 9_AC alone (see Fig. 3A), and

consequently the small potentiation was not due to some

effect of 9_AC but instead must be due to an effect of Cl¦ on

the contractile apparatus (see above) or on Ca¥ release itself.

Depolarizing effect of myoplasmic Cl¦ in toad fibres

The finding that inhibition of the response to Na¤

depolarizations appeared to require a higher myoplasmic

[Cl¦] in toad fibres (> 10 mÒ; Fig. 2C) than in rat fibres

(ü 3 mÒ; Fig. 2B) might be consistent either with

myoplasmic Cl¦ causing proportionately less depolarization

of the T_system in toad fibres or with voltage-sensor

inactivation requiring a greater level of T_system

depolarization in toad fibres (see Discussion concerning the

likely resting potential in these skinned fibres). This was

investigated further by examining the ability of myoplasmic

Cl¦ to itself cause depolarization-induced Ca¥ release in

toad fibres. Using the same protocol as in Fig. 1A with rat

fibres, it was found that when a toad fibre was polarized in

the standard K¤ solution, addition of 20 mÒ Cl¦ to the

myoplasm did not induce any force response at all in any of

the four fibres examined (e.g. Fig. 4A), although as expected

J. R. Coonan and G. D. Lamb J. Physiol. 509.2556

Figure 3. Effect of myoplasmic Cl¦ on depolarization-induced force responses in rat EDL fibres

in the presence of 100 ìÒ 9_AC

A, when 100 ìÒ 9_AC was present, addition of 20 mÒ Cl¦ to the myoplasm had little effect on the force

responses to Na¤ depolarization; compare the effect of Cl¦ in same fibre in the absence of 9_AC in Fig. 2A.
Time scale: 2 s during Na¤ depolarizations and 30 s elsewhere. B, effect of 10 or 20 mÒ myoplasmic Cl¦ on

the mean (± s.e.m.) normalized force response to Na¤ depolarization in the absence and then the presence of

100 ìÒ 9_AC. In each fibre, the response in Cl¦ was expressed relative to the bracketing control responses

under the same conditions (i.e. with 9_AC absent or present accordingly). Both 10 and 20 mÒ Cl¦ caused a

significant reduction in the response when 9_AC was absent, and a small but significant enhancement of the

response when 9_AC was present.



it caused partial inhibition of the response to Na¤

depolarization (reduced to 32 ± 20% of control response; cf.

Fig. 2C). Its inability to trigger Ca¥ release is consistent

with the myoplasmic Cl¦ being less effective at depolarizing

the T_system in toad fibres than in rat fibres (see

Discussion). When the [K¤] of the bathing solution was

reduced by 50% (by isotonic replacement with Na¤), in

order to partially depolarize the T_system (see Lamb &

Stephenson, 1990), subsequent addition of 20 mÒ Cl¦ to the

myoplasm induced a force response in all twelve fibres

examined (e.g. Fig. 4B), with the mean response being

26 ± 8% of the response to the initial Na¤ depolarizations.

Such Cl¦ addition did not induce any response if the voltage

sensors had been inactivated by prolonged (1 min)

depolarization in Na¤ solution (n = 3, subset of above fibres;

not shown). The response to Na¤ depolarization in the 50%

K¤ solution (in the absence of Cl¦) was reduced to 79 ± 10%

of that in full K¤ in the subset of seven fibres examined,

confirming that the T_system was indeed partially

depolarized in 50% K¤ solution. The response to Na¤

T_system chloride conductanceJ. Physiol. 509.2 557

Figure 4. Effect of myoplasmic Cl¦ on activation and inactivation in toad iliofibularis fibres in

standard and low [K¤] solutions

A, addition of 20 mÒ Cl¦ to the myoplasm did not elicit any force response when a toad fibre was well

polarized by the presence of the standard, high myoplasmic [K¤], although the presence of Cl¦ did reduce

the response to Na¤ depolarizations. B, when a fibre was bathed in reduced myoplasmic [K¤] (50% K¤),

addition of 20 mÒ Cl¦ elicited a large force response and caused almost complete inhibition of the response

to Na¤ substitution. Time scale: 2 s during periods indicated by the continuous horizontal bars, and 30 s

during periods indicated by the dotted horizontal bars and elsewhere.



depolarization after 1 min exposure to the 20 mÒ Cl¦ in the

presence of 50% K¤ (e.g. Fig. 4B) was reduced to

39 ± 13% of the response to Na¤ depolarization under

control conditions (n = 8), showing that the presence of Cl¦

in the myoplasm considerably increased the level of steady-

state inactivation. Thus, addition of Cl¦ to the myoplasm

does depolarize the T_system in toad fibres, but this effect is

not sufficient to trigger Ca¥ release unless the polarizing

effect of K¤ has been reduced by lowering the myoplasmic

[K¤]. Interestingly, in contrast to rat fibres, the ability of

Cl¦ to cause depolarization-induced Ca¥ release was not

noticeably reduced in the presence of 100 ìÒ 9_AC in the

two toad fibres examined (not shown). Thus, it appears that

100 ìÒ 9_AC causes little if any inhibition of the T_system

Cl¦ conductance in toad fibres. In another toad fibre the

response to 20 mÒ Cl¦ was reduced by < 50% in the

presence of 500 ìÒ 9_AC.

Effect of T_system Cl¦ on the response to Na¤

substitution

Further evidence of a substantial T_system Cl¦ conductance

comes from the behaviour of skinned fibres in response to

the first few Na¤ substitutions after skinning. With both

toad and rat fibres, it was noted that such Na¤ substitutions

were often not fully effective in eliciting a force response.

Typically, it took approximately three to five repetitions

before the force response had ‘worked up’ to a stable level

close to the maximum Ca¥-activated force in that fibre
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Figure 5. Initial Na¤ substitutions are less effective at eliciting a response

A, typical responses of a toad iliofibularis fibre showing the progressive increase (‘work-up’) in the force

response to successive depolarizations by Na¤ substitution. The fibre was equilibrated after skinning for

2 min in K-HDTA solution before the first Na¤ substitution. B, ChCl substitution produced a near-maximal

force response when used in another toad fibre in place of the second Na¤ substitution. Time scale: 2 s

during Na¤ and ChCl substitution (bars) and 30 s elsewhere.



(e.g. Fig. 5A). Further experiments indicated that this

‘work-up’ phenomenon depended on repeated depolarization

of the fibre, rather than simply on time alone, because the

response to the first Na¤ substitution was not different when

toad fibres were allowed to equilibrate after skinning for

either 2 min or 4 min in the K-HDTA solution (45·6 ± 6·0%

of maximum Ca¥-activated force (n = 6) and 47·1 ± 9·2%

(n = 6), respectively), with both groups showing an indis-

tinguishable increase in force response to the next three to

four Na¤ substitutions. (It was also noted that the rate of

‘work-up’ depended more on the number of Na¤ substitutions

than on their duration.) These poor responses to the initial

Na¤ substitutions could be due to the effect of a high [Cl¦]

remaining in the T_system following skinning. If the

T_system membrane is appreciably permeable to Cl¦, as

suggested by the experiments described above, the presence

of a high [Cl¦] in the T_system lumen should exert a

polarizing effect which would tend to counter the

depolarizing effect of replacing myoplasmic K¤ with Na¤,

thereby giving a submaximal net stimulus.

To further test this hypothesis, toad fibres were depolarized

by ChCl substitution instead of by Na¤ substitution, in order

to observe the effect of a stronger depolarizing stimulus on

the force response. ChCl substitution not only lowers the

[K¤] in the myoplasm, but also simultaneously increases the

myoplasmic [Cl¦]. Consequently, if the T_system has any

appreciable permeability to Cl¦, the depolarization resulting

from ChCl substitution will be significantly more potent

than that produced by Na¤ substitution. The effect of

depolarization by ChCl substitution was investigated in a

subset of toad fibres by following the initial Na¤ substitution

with a single ChCl substitution, before continuing with a

series of further Na¤ substitutions (e.g. Fig. 5B). Control
fibres were subjected to depolarization by Na¤ substitution

only (e.g. Fig. 5A). To ensure accurate determination of

the relative effect of depolarization by ChCl substitution,

stimulation sequences of the types shown in Fig. 5A and B
were used alternately for consecutive fibres from each

muscle. When a depolarization by ChCl was interposed in

this manner, it elicited a near-maximal force response in

each fibre (e.g. Fig. 5B), with the subsequent Na¤ sub-

stitutions continuing to progressively ‘work up’ in a manner

similar to control fibres (i.e. compare Fig. 5A with B). The
mean response to the ChCl substitution was 99 ± 1% of

the maximum response to Na¤ substitution in the same

fibre. This was significantly larger than the corresponding

(i.e. second) mean response to Na¤ substitution (66 ± 8%)

elicited in control fibres (P < 0·001; Student’s t test;

n = 11). The near-maximal force response elicited by ChCl

substitution at a time when the response to Na¤ substitution

was still ‘working up’ indicates that the normal E—C

coupling mechanism was quite functional in the fibres at

that time. Consequently, these results suggest that the poor

responses elicited by Na¤ substitution are due to the

ineffectiveness of the depolarizing stimulus, i.e. that Na¤

substitution was failing to fully depolarize the T_system. This
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Figure 6. Effect of replacing T_system Cl¦ with

CH×SO×¦ on the response to Na¤ substitution in

skinned fibres

In both toad (A) and rat (B), the force responses to the
initial depolarizations by Na¤ substitution were

significantly larger in skinned fibres obtained from

muscles bathed in extracellular CH×SO×¦ solution

compared with fibres from the contralateral muscles

bathed in normal extracellular Cl¦ (P < 0·0001; two-way

ANOVA). Data points show the mean (± s.e.m.) of the

normalized force response in each fibre for the indicated

conditions; n is the number of fibres examined.



would be consistent with a high [Cl¦] within the T_system

helping to keep the membrane partially polarized during

the Na¤ substitutions.

If the effectiveness of the initial Na¤ depolarizations is being

reduced by the presence of Cl¦ in the T_system, replacement

of this Cl¦ with an impermeant anion should lead to larger

initial force responses. To test this, we compared the

responses of skinned fibres from muscles that had been

incubated in a NaCl extracellular solution with those from

the contralateral muscles that had been incubated in a

matched solution in which all Cl¦ had been replaced with

methanesulphonate (CH×SO×¦; see Methods); in each

experiment, skinned fibres were obtained alternately from

the two muscles. The responses to successive Na¤ substitutions

in fibres from muscles bathed in the NaCl solution (e.g. Fig. 6)

were not noticeably different from those in fibres from

muscles placed in paraffin oil immediately after excision

(e.g. Fig. 5A). In contrast, in both toad and rat, fibres from

muscles that had been bathed in CH×SO×¦ gave significantly

larger responses to the initial Na¤ substitutions than did

fibres from muscles bathed in normal extracellular [Cl¦]

(P < 0·0001; two-way ANOVA). The potentiating effects of

replacing T_system Cl¦ with CH×SO×¦ on the initial

responses to Na¤ substitution supports the hypothesis that

the presence of Cl¦ in the T_system inhibits the depolarizing

effect of decreasing myoplasmic [K¤], which in turn implies

that there must be a considerable Cl¦ conductance in the

T_system in both toad and rat fibres.

DISCUSSION

In this study we present evidence that there is a considerable

Cl¦ conductance in the T_system of both rat and toad

skeletal muscle fibres. Firstly, we showed that addition of

Cl¦ to the myoplasm caused both activation and inactivation

of the normal voltage-sensor mechanism controlling SR

Ca¥ (Figs 1—4), indicating that it caused substantial

depolarization of the T_system. Secondly, we showed that

removal of T_system Cl¦ apparently increased the level of

T_system depolarization produced by reducing myoplasmic

[K¤] (Fig. 6), suggesting that T_system Cl¦ exerted a

substantial polarizing effect on the membrane potential.

Thus, both types of experiments strongly suggest that the

Cl¦ concentration gradient across the T_system plays an

important role in determining the T_system potential,

which in turn means that the T_system must be appreciably

permeable to Cl¦.

It might be argued that the increase in the response to the

initial Na¤ depolarizations in fibres from muscle bathed in

zero extracellular [Cl¦] (i.e. Fig. 6) was due to T_tubule

swelling caused by Cl¦ withdrawal. However, it is not

apparent why this would increase the effectiveness of the

Na¤ depolarizations and, even if it were the case, it would

still imply that the T_system was quite permeable to Cl¦

(Dulhunty, 1982). Furthermore, this explanation seems

unlikely because: (a) the degree of T_system swelling is

quite small in toad fibres, and (b) in most fibres studied, the

T_system should have returned to its normal size by the end

of the 30 min incubation period in low [Cl¦] or by the time

the fibres were actually dissected and used (Dulhunty, 1982).

It is also very unlikely that T_system swelling could explain

the effects of adding Cl¦ to the myoplasm, because Cl¦ could

induce Ca¥ release in a matter of seconds (e.g. Fig. 4B),
whereas in situations in which T_system swelling does occur,

it does so over a time scale of minutes (Dulhunty, 1982).

There are two points worth mentioning in regard to the

‘work-up’ of Na¤ depolarizations (Figs 5 and 6). Firstly,

although increased, the initial responses in skinned fibres

from toad muscles bathed in low [Cl¦] were not maximal

(i.e. they still showed ‘work-up’; Fig. 6A). This might have

been caused by there still being some Cl¦ present in the

sealed T_system, perhaps because it moved there from the

myoplasm while the fibre was in paraffin oil before being

skinned. Secondly, one must ask what causes a fibre to

‘work-up’? As T_system Cl¦ appears to exert a polarizing

effect on T_system potential, it might be thought that over

the ‘work-up’ period either the lumenal [Cl¦] became

substantially lower or the relative permeability of the

T_system to Cl¦ became smaller (perhaps as the permeability

to K¤ increased). If the latter were true, it would mean that

the relative permeability of the T_system to Cl¦ was

initially even higher than that indicated in the experiments

in which Cl¦ was added to the myoplasm (i.e. Figs 1—4),

which were performed after the fibre had ‘worked up’.

Alternatively, it is possible that the polarizing effect of

T_system Cl¦ remained constant over time, and that the

‘work-up’ phenomenon was due to a progressive decrease in

an additional polarizing effect on T_system potential

exerted by some other factor (e.g. Na¤—K¤ exchange).

Comparison with alteration of [Cl¦] in intact fibres

The depolarizing effect of raising myoplasmic [Cl¦] in skinned

fibres is somewhat analagous to experiments in intact fibres

in which extracellular [Cl¦] was lowered (Hodgkin &

Horowicz, 1959), but there are some crucial differences. In

the intact fibre experiments, the membrane potential under

control conditions was close to the equilibrium potential for

K¤ (EK) and the Cl¦ distributed passively such that the

equilibrium potential for Cl¦ (ECl) was close to the resting

potential. When the extracellular [Cl¦] was lowered, ECl
became less negative and the membrane potential rapidly

decreased to a level between EK and ECl determined by the

reciprocal of the respective membrane conductances. Over

some minutes, equal amounts of K¤ and Cl¦ moved out of

the fibre down their respective electrochemical gradients,

and as the intracellular [Cl¦] was initially much lower than

the [K¤], after only a small amount of Cl¦ efflux ECl moved
back towards a largely unchanged EK, and consequently the

fibre repolarized to close to its original resting level

(Hodgkin & Horowicz, 1959). In the case of the skinned

fibre experiments reported here, raising the myoplasmic

[Cl¦] should cause the T_system membrane to rapidly

depolarize to between EK and the new ECl, as occurred in
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intact fibres. Again, there will be a tendency for both K¤ and

Cl¦ to move down their electrochemical gradients. However,

in contrast to the intact fibre case, the K¤ and Cl¦ will be

moving into a sealed T_system, and as such, even a small

influx of K¤ will cause a large reduction in EK. Furthermore,
the matched absolute influx of Cl¦ will have little effect on

ECl unless the [Cl¦] in the T_system lumen is initially

extremely low. Thus, unlike in the intact fibre, the membrane

will not repolarize towards the original resting level, but

instead will remain relatively unchanged or become even

more depolarized over time. In apparent agreement with

this, the level of voltage-sensor inactivation apparent from

the force response to successive depolarizations was found to

remain steady after Cl¦ addition (e.g. Fig. 2A) or increase

slightly over the 1—2 min (e.g. Fig. 4A) before reaching a

steady level (not shown).

Estimation of relative Cl¦ conductance

A rough estimate of the relative permeability of the T_system

membrane to Cl¦ can be obtained from the present data as

follows. Comparison with voltage-clamp data in intact and

cut fibres from rat EDL muscle indicates that the T_system

potential of the rat skinned fibres used here must be more

negative than −80 mV when the fibres are in the standard

K¤ solution, in order to account for the responsiveness,

rapid repriming of the voltage sensors after a depolarization,

and the observed resistance of such fibres to the effects of

nifedipine (Lamb, 1986; Chua & Dulhunty, 1988; Dulhunty,

1992; Posterino & Lamb, 1998). It can be similarly

concluded that addition of 20 mÒ Cl¦ to the myoplasm must

depolarize the T_system to about −50 to −30 mV, if one is

to explain the degree of activation and inactivation observed

(Figs 1 and 2). The graded increase in apparent inactivation

seen here with even small increases in myoplasmic [Cl¦] fits

well with the observation that inactivation in intact EDL

fibres becomes steadily larger at any potential less negative

than −90 mV (Dulhunty, 1992). The Goldman—Hodgkin—

Katz equation allows estimation of the T_system potential

(EM) as follows, assuming that the membrane is only

permeable to K¤, Na¤ and Cl¦:

[K¤]ï + á[Na¤]ï + ã[Cl¦]é
EM = 58 logÔÑ(––––––––––––––), (1)

[K¤]é + á[Na¤]é + ã[Cl¦]ï

where [X]ï and [X]é are the concentrations of ion X in the

T_system and myoplasm, respectively, and á and ã are the

permeabilities of the T_system to Na¤ and Cl¦, respectively,

relative to that to K¤. In these experiments, [K¤]é is 125 mÒ,

[Na¤]é is 36 mÒ, and [Na¤]ï should be •120—160 mÒ as Na¤

must be the predominant cation in the T_system, and á is

presumably a relatively small number (•0·01—0·03)

(Dulhunty, 1978; DeCoursey, Bryant & Owenburg, 1981).

From the above, when [Cl¦]é is 0 and 20 mÒ, EM is •−80

and •−40 mV, respectively. If, in the extreme case, the

[Cl¦] in the T_system ([Cl¦]ï) was 0, ã is •1, irrespective of

the exact values of [K¤]ï and á. If instead, [Cl¦]ï is 50 or

100 mÒ, ã is •1·7 and •4·8, respectively. Thus, the Cl¦

permeability of the T_system in rat EDL fibres appears to

be at least as large as the permeability to K¤, and possibly

•2—5 times larger. This agrees well with changes in relative

permeabilities observed upon detubulation of rat EDL fibres,

which implied that the Cl¦ conductance in the T_system is 4

or more times higher than the K¤ conductance (Dulhunty,

1979).

Similar calculations can be made for the toad skinned fibres.

In the standard K¤ solution, the repriming rate is very

similar to that in intact fibres of frog at −70 mV (Caputo,

Bola˜nos & Gonzalez, 1984), and the effect of increased

myoplasmic [K¤] on activation and steady-state inactivation

(Lamb & Stephenson, 1990) implies a similar resting

potential (i.e. −70 mV) when compared with corresponding

data for frog fibres (Bola˜nos, Caputo & Velaz, 1986; Melzer,

Herrmann-Frank & L�uttgau, 1995). Similarly, the lack of

any activation (Fig. 4A) and the level of inactivation

occurring in 20 mÒ myoplasmic Cl¦ (Fig. 2C) indicates that
the T_system was depolarized to only •−55 mV. The steady-

state inactivation in 50% K¤ in the absence of Cl¦, and the

substantial activation and inactivation occurring upon

addition of 20 mÒ Cl¦, likewise imply T_system potentials

of •−55 and •−40 mV, respectively. Substitution into

eqn (1) gives •8 and •50 mÒ for T_system [K¤] and [Cl¦],

respectively, and 0·35 for ã, with the exact values of á (in

the range 0·01—0·03) and [Na¤]ï being of little importance.

The fact that the calculated T_system [Cl¦] is substantially

lower than the normal extracellular concentration could be

consistent either with the [Cl¦] decreasing during ‘work-up’

(see above) or with there being a substantial density of fixed

negative charges in the T_system that act as countercharges

for cations. The latter has been proposed previously as an

explanation of low apparent T_system Cl¦ conductance (see

Eisenberg & Gage, 1969) and might also explain the large

amount of divalent cation binding found in the T_system

(Dulhunty, 1989; Owen, Lamb, Stephenson & Fryer, 1997).

However, the above calculations would be altered if the

T_system were substantially permeable to another anion

present. In particular, it has been reported that frog fibres

are permeable to the ionized form of Hepes (Venosa, Kotsias

& Horowicz, 1994), which was present here in the myoplasm

at about 20 mÒ. This would mean that Cl¦ was exerting a

larger effect on the T_system potential than indicated above,

and if, for example, Hepes¦ is half as permeant as Cl¦, the

above data could be reasonably fitted with [Cl¦]ï and ã

being 120 mÒ and 0·8, respectively. In the case of rat fibres,

however, the potent depolarizing effect of myoplasmic Cl¦

implies that other myoplasmic anions such as Hepes¦ must

have only little effect on the potential and hence are

relatively impermeant. In the above estimates, we have not

attempted to take into account the polarizing effect of the

Na¤—K¤ pump; the pump rate was presumably similar in

the presence and absence of Cl¦, and so its effect on the

T_system potential seems unlikely to substantially alter the

conclusions about the relative depolarization upon raising

myoplasmic [Cl¦].
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Despite considerable uncertainties about the exact values, it

is apparent that the relative Cl¦ permeability of the T_system

in toad fibres is lower than that in rat fibres, but nevertheless

is still substantial. The relative permeability obtained here

in toad fibres is quite comparable with the observation of

Heiny et al. (1990) that, during the early rapid phase of

repolarization of an action potential, when the delayed K¤

conductance is maximal, the Cl¦ current constitutes 9—15%

of the total outward current. Thus, in contrast to the

conclusion of Eisenberg & Gage (1969), it seems that there is

an appreciable Cl¦ conductance in amphibian fibres. The

reason for the difference in conclusions is not certain, but

could involve: (a) difficulties with the detubulation technique,

(b) their use of low pH to block Cl¦ conductance, (c) a large

increase in Cl¦ conductance with an increase in membrane

potential from more negative than −70 mV (Eisenberg &

Gage, 1969) to •−55 mV (this study), or (d) seasonal or cold-

adaptation differences in membrane conductance (Dulhunty

& Gage, 1973). In any case, we point out that the divergence

in conclusions could be due to a relatively small error in the

estimated absolute value of the T_system Cl¦ conductance in

the study of Eisenberg & Gage (1969), because if the true

conductance was even 10% of the total fibre Cl¦ conductance

(220 ìS cm¦Â), this would be equal to •40% of the estimated

T_system K¤ conductance (55 ìS cm¦Â).

Effect of 9_AC

It was found here that 100 ìÒ 9_AC largely or completely

blocked the T_system Cl¦ conductance in rat fibres, but had

little if any effect on the T_system conductance in toad

fibres. The former is consistent with the reported ability of

100 ìÒ 9_AC to block all of the Cl¦ conductance in rat fibres

(Bretag, 1987; Fahlke & R�udel, 1995), and the latter with

the insensitivity of amphibian muscle to other Cl¦ channel

blockers (Bretag, 1987). Allard & Rougier (1994) found that

the force response of frog fibres to brief voltage-clamp steps

was potentiated both by addition of 1 mÒ 9_AC and by

replacement of extracellular Cl¦ with methanesulphonate.

However, their current recordings show that 9_AC caused a

far smaller reduction in the total outward current than did

Cl¦ replacement, suggesting that even 1 mÒ 9_AC was

insufficient to fully block the Cl¦ conductance in frog fibres.

ClC-1 and myotonia

As the total membrane area of the T_system is approximately

4 times that of the surface membrane in rat EDL fibres

(Dulhunty, Gage & Lamb, 1986), it appears that T_system

Cl¦ channels probably contribute the major portion of the

total Cl¦ conductance (see also Palade & Barchi, 1977;

Dulhunty, 1979). Consequently, if the ClC-1 channel in rat

muscle is present only in the surface membrane, as has been

concluded for mouse muscle (Gurnett et al. 1995), another
type of Cl¦ channel besides ClC-1 must be of considerable

importance too. We show here that the T_system Cl¦ channel,

like ClC-1, is blocked by 100 ìÒ 9_AC. Thus, it is possible

that the 9_AC-sensitive Cl¦ current recorded in EDL fibres

by Fahlke & R�udel (1995) may have been generated by two

types of Cl¦ channels: ClC-1 in the surface membrane and

another type of Cl¦ channel in the T_system. This latter

channel type is possibly the one observed in lipid bilayer

recordings of rabbit T_tubular vesicles (Ide, Hidaka & Kasai,

1995). This channel has a much higher conductance (40 pS in

300 mÒ Cl¦) than does ClC-1 (1 pS in 140 mÒ Cl¦; Pusch,

Steinmeyer & Jentsch, 1994), and is blocked by 100 ìÒ 9_AC

from the myoplasmic side but not from the extracellular

(i.e. T_system lumenal) side, whereas ClC-1 is blocked by

9_AC only from the extracellular side (Rychov, Astill,

Bennetts, Hughes, Bretag & Roberts, 1997). Interestingly,

Fahlke & R�udel (1995) reported that 100 ìÒ 9_AC took

10 min to fully block the Cl¦ current when applied extra-

cellularly to a single EDL fibre. This could suggest that a

substantial part of the Cl¦ current was blocked by 9_AC

acting at an intracellular site, which would again indicate an

important role of a Cl¦ channel other than ClC-1. In our

experiments, 9_AC was added to the myoplasm (i.e. ‘intra-

cellular’ environment) and caused rapid (< 30 s) block of the

T_system Cl¦ conductance, and this effect could also be

rapidly reversed (< 30 s) by washout of 9_AC. However, we

are unable to conclude that 9_AC necessarily exerted its

action on the intracellular side, because it may have rapidly

equilibrated inside the T_system given the large surface to

volume ratio.

Myotonia can be induced in a variety of mammals by

replacing extracellular Cl¦ with an impermeant anion or

addition of Cl¦ channel blockers, such as 9_AC (Bryant &

Morales-Aguilera, 1971; R�udel & Lehmann-Horn, 1985;

Bretag, 1987). Congenital myotonia in humans and goats is

apparently due to a decrease in Cl¦ conductance (Bryant &

Morales-Aguilera, 1971; R�udel & Lehmann-Horn, 1985;

Franke, Iaizzo, Hatt, Spittelmeister, Ricker & Lehmann-

Horn, 1991) and is associated with mutations in ClC-1 (Koch

et al. 1992; Beck, Fahlke & George, 1996). Importantly,

although expression of ClC-1 is completely absent in ‘ADR’

myotonic mice (Steinmeyer et al. 1991a), the Cl¦ conductance
is still substantial, estimated as 26% of the total conductance

(Mehrke, Brinkmeier & Jockusch, 1988), and this will be a

considerable underestimate if the conductance is located

primarily in the T_system (see Dulhunty et al. 1984). This
again suggests that a large fraction of the total Cl¦

conductance in mouse fibres is not due to ClC-1, and may

instead be due to an unaffected Cl¦ conductance in the

T_system. A similar situation may prevail in human myo-

tonia congenita, given that a substantial Cl¦ conductance

still remains (R�udel & Lehmann-Horn, 1985). It has been

proposed previously that myotonia arises when a train of

action potentials raises the [K¤] in the T_system, slightly

depolarizing the T_system, which in turn depolarizes the

surface membrane sufficiently to generate further action

potentials if the Cl¦ conductance there is low (Adrian &

Bryant, 1974). We point out that, although the original

proposal had not considered the possibility that the surface

and T_system Cl¦ conductances in myotonic animals might

be differentially affected, such a mechanism can still account
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for the occurrence of myotonia in muscles that retain a high

T_system Cl¦ conductance. A high Cl¦ conductance in the

T_system may well reduce the [K¤] increase occurring with

each action potential (Dulhunty, 1979), as well as reducing

the level of T_system depolarization it causes. Nevertheless,

if the depolarization still becomes substantial after repetitive

activity, it will trigger further action potential generation at

the surface membrane, causing myotonia. This phenomenon

might explain why the relative Cl¦ conductance in the

T_system of rats is apparently substantially higher than in

frogs and toads, because this would be a way of reducing

the consequences of the greater K¤ accumulation that

presumably occurs with activity because of the relatively

high surface to volume ratio of the T_system in rat fibres

(Dulhunty, 1984). Finally, we note that models of myotonia

that utilize Cl¦ replacement or Cl¦ channel blockers may

well induce a disproportionately large myotonic effect,

because they block the Cl¦ conductance in the T_system as

well as in the surface membrane.
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