
Dystrophin is a submembranous cytoskeletal protein that is

vital for the long-term function of skeletal muscle (Hoffman

et al. 1987; Straub & Campbell, 1997). Although it has been

established that dystrophin anchors nitric oxide synthase to

the inner surface of the sarcolemma (Brenman et al. 1996),

other functions of this protein are still being discussed. For

example, dystrophin is presumed to protect the sarcolemma

against mechanical stress during muscle activity (Petrof et

al. 1993; Pasternak et al. 1995; Menke & Jockusch, 1995).

Deficiency of dystrophin, as in the X-linked hereditary

disease of Duchenne muscular dystrophy (DMD) or its

animal model, murine muscular dystrophy (MDX), leads to

muscle fibre necrosis and muscle tissue fibrosis resulting in

progressive weakness. MDX mice show a much milder

phenotype than DMD patients although their muscle fibres

also undergo cycles of necrosis and regeneration (Hoffman &

Gorospe, 1991).

Even though the gene defects causing MDX and DMD were

discovered more than a decade ago, neither the precise

function of dystrophin nor the mechanism of the dystrophic

process has been completely elucidated (McArdle et al. 1995;

Gillis, 1996; Straub & Campbell, 1997). There is over-

whelming evidence that in their final stages dystrophin-

deficient muscle fibres are overloaded with calcium (Jackson

et al. 1985; Glesby et al. 1988; Gillis, 1996) and that

secondary calcium-mediated degradative effects are

responsible for their degeneration. However, it is not clear

whether the excess of calcium enters the fibres via transient

membrane lesions (Petrof et al. 1993; Menke & Jockusch,

1995), through ion channels (Fong et al. 1990; Leijendekker

et al. 1996; Hopf et al. 1996) or via both pathways.

The first alternative is suggested by the fact that the

sarcolemma of dystrophin-deficient fibres is leaky for

cytoplasmic proteins such as the muscle-specific enzyme

creatine kinase (CK; Florence et al. 1985; Hoffman &

Gorospe, 1991). The loss of CK occurs even prior to the

onset of muscle fibre degeneration and may reach a degree

such that plasma CK levels are elevated more than
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1. Single fibres were enzymatically isolated from interosseus muscles of dystrophic MDX mice,

myotonic-dystrophic double mutant ADR_MDX mice and C57BLÏ10 controls. The fibres

were kept in cell culture for up to 2 weeks for the study of Ca¥ homeostasis and sarcolemmal

Ca¥ permeability.

2. Resting levels of intracellular free Ca¥, determined with the fluorescent Ca¥ indicator

fura_2, were slightly higher in MDX (63 ± 20 nÒ; means ± s.d.; n = 454 analysed fibres)

and ADR_MDX (65 ± 12 nÒ; n = 87) fibres than in controls (51 ± 20 nÒ; n = 265).

3. The amplitudes of electrically induced Ca¥ transients did not differ between MDX fibres and

controls. Decay time constants of Ca¥ transients ranged between 10 and 55 ms in both

genotypes. In 50% of MDX fibres (n = 68), but in only 20% of controls (n = 54), the decay

time constants were > 35 ms.

4. Bath application of Mn¥ resulted in a progressive quench of fura_2 fluorescence emitted

from the fibres. The quench rate was about 2 times higher in MDX fibres

(3·98 ± 1·9% min¢; n = 275) than in controls (2·03 ± 1·4% min¢; n = 204). The quench

rate in ADR_MDX fibres (2·49 ± 1·4% min¢; n = 87) was closer to that of controls.

5. The Mn¥ influx into MDX fibres was reduced to 10% by GdÅ¤, to 19% by LaÅ¤ and to 47%

by Ni¥ (all at 50 ìÒ). Bath application of 50 ìÒ amiloride inhibited the Mn¥ influx to 37%.

6. We conclude that in isolated, resting MDX muscle fibres the membrane permeability for

divalent cations is increased. The presumed additional influx of Ca¥ occurs through ion

channels, but is well compensated for by effective cellular Ca¥ transport systems. The milder

dystrophic phenotype of ADR_MDX mice is correlated with a smaller increase of their

sarcolemmal Ca¥ permeability.
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100 times in both DMD patients and MDX mice.

Extracellularly applied labelled albumin was taken up by

MDX fibres in vivo thus demonstrating the leakiness of the

dystrophin-deficient sarcolemma for macromolecules

(Matsuda et al. 1995). The second possible explanation for

the Ca¥ overload of dystrophin-deficient muscle fibres is an

increased Ca¥ entry through sarcolemmal ion channels.

Increased activity of voltage-independent calcium leak

channels has been shown in MDX myotubes (Fong et al.

1990; Hopf et al. 1996) and the activity of mechano-

sensitive Ca¥ channels may also contribute to elevated Ca¥

influx (Haws & Lansman, 1991). Nevertheless, the question

as to whether extra calcium enters the fibres predominantly

through lesions or channels is still open.

The major aim of our study was to address this important

question again. Experimental approaches to determine

intracellular calcium levels in DMD and MDX muscle have

so far mostly been performed with myotubes (Fong et al.

1990; Hopf et al. 1996; Leijendekker et al. 1996) as these

are easier to cultivate than adult muscle fibres. In this study,

we used large numbers of enzymatically isolated intact

muscle fibres from adult mice to test their resting calcium

levels. Then we determined the entry of divalent cations

into these fibres using the manganese quench technique.

This method is good for events occurring in the time range

from minutes to hours. Finally, using channel blockers we

were also able to distinguish between the two mentioned

possibilities for calcium entry, i.e. membrane lesions and

overactive ion channels.

By breeding myotonic-dystrophic (ADR_MDX) double

mutant mice we and others have been able to show that

increased mechanical muscle activity may reduce the

dystrophic process (Kr�amer et al. 1998; Heimann et al. 1998).

The double mutant mice are viable for more than 100 days

and at any age their muscles, though completely lacking

dystrophin, show fewer signs of fibre necrosis and fibrosis

than age-matched MDX muscles. Plasma creatine kinase

levels are significantly lower than in MDX mice. Sections of

ADR_MDX muscles show a uniform pattern of oxidative

muscle fibres indicating a complete fibre type IIB to IIA

transformation. Another aim of this work was therefore to

test whether in the dystrophin-less ADR_MDX fibres the

low degree of dystrophy could be explained by a more

normal Ca¥ homeostasis.

METHODS
Isolation and cultivation of muscle fibres

The experiments were part of a project approved by the Reviewing

Committee of the Ulm Interdisciplinary Centre for Clinical

Research (IZKF) and were performed with muscle fibres isolated

from a total of 124 pairs of interosseus muscles. These came from

52 MDX mice (obtained from Harlan Winkelmann, Germany), 56

animals of the C57BLÏ10 strain used as controls and 16 double

mutant ADR_MDX mice. The latter were bred in the Central

Animal Research Unit of the University of Ulm (Kr�amer et al.

1998) and had the presence of both mutations verified by PCR. All

animals were killed by neck dislocation performed by authorized

persons according to the regulations of the University of Ulm.

Other preparations from these animals were used for different

experiments not to be reported here.

The excised muscles were treated for 1 h at 37°C with collagenase

(1·5 mg ml¢) and protease (2 mg ml¢) dissolved in Ham’s F_12

medium (pH 7·2), supplemented with 2 mÒ Hepes and 25 ìg ml¢

gentamicin. Dissociation into single fibres was achieved by

trituration. The debris was removed by centrifugation (for 2 min at

40 g). Intact isolated muscle fibres were seeded on glass coverslips

(42 mm diameter) that had been coated by overnight incubation at

37°C with 3 ml of 15 ìg ml¢ poly-l-ornithine. The fibres were

kept under cell culture conditions at 37°C in a medium based on a

1 :1 mixture of Ham’s F_12 medium and CMRL, supplemented

with 0·5% fetal calf serum, 0·5% horse serum, 2 mÒ ¬_glutamine

and 25 ìg ml¢ gentamicin C (5% COµ). The fibres attached

themselves to the coverslips after 1—2 days. They were used for

experimentation 2—10 days later.

Fluorescence measurements

Measurements of resting intracellular free Ca¥ and of Ca¥

transients during excitation as well as determinations of the

membrane permeability to divalent cations were performed using

the fluorescent calcium indicator fura_2. The dye was loaded by

incubating the fibres for 30—45 min at 37°C in standard external

solution (see below) containing 2 ìÒ fura_2 AM. Fluorescence

measurements were carried out at room temperature (20—24°C)

using a fast fluorescence photometry system (MPM-FFP; Zeiss,

Oberkochen, Germany). The excitation wavelength was switched at

400 Hz between 340 and 380 nm using appropriate interference

filters (bandwidth, 10 nm) alternately mounted in a filter wheel.

The system allows the emitted light (505—530 nm) to be monitored

with a time resolution of 5 ms for one pair of excitation

wavelengths. A computer-controlled motor-driven stage was

available for repetitive cycles of observations on different individual

fibres attached to the same coverslip. To reduce dye bleaching

during long-term experiments, the illumination was shut off

between recording cycles. Ca¥ levels are given in the figures as

fluorescence ratios obtained from alternating excitation at 340 and

380 nm. Autofluorescence was determined to contribute less than

2% to the fluorescence signals. No correction for it was considered

necessary. Also, no corrections were made for errors induced by the

kinetics of fura_2, as others, using similar experimental conditions,

have found that the decay of the corrected signals largely follows

the decay phase of the measured Ca¥ transients (Bakker et al.

1997). Rough estimates of the dynamic range of Ca¥ changes were

provided by means of an in situ calibration of the fura_2 signals

(Mayerhofer et al. 1992) using a Kd of 224 nÒ (Grynkiewicz et al.

1985).

For estimation of the permeability of the sarcolemma to divalent

cations the manganese quench technique was used. Mn¥ enters

cells via the same routes as Ca¥ and accumulates inside over time

since it is poorly accepted by the cellular transport systems. As

Mn¥ quenches the fluorescence of fura_2, the reduction of the

intensity of fura_2 fluorescence can be used as an indicator of the

time integral of Mn¥ influx. The quench rate of the fluorescence

intensity was estimated using linear regression analysis and

expressed as the decline per minute of the initial fluorescence

intensity of the sum of the signals obtained with excitation at 340

and 380 nm. This method does not allow calculation of quench rates

during transient changes of Ca¥ concentration. In such cases the

calcium-independent fluorescence intensity at the isosbestic

wavelength of 360 nm was used (Zhou & Neher, 1993).
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Application of drugs

For short-term investigations drugs were locally administered using

an LÏM-SPS_8 superfusion system (List, Darmstadt, Germany)

which allows application of drugs to a single cell or a small group of

cells in a repetitive and highly reproducible manner (Collatz et al.

1997). For long-term experiments the contents of the bath were

completely exchanged.

Electrical stimulation of muscle fibres

The muscle fibres were excited by field stimulation using an

HP 33120 A frequency generator (Hewlett Packard, Germany) in

combination with a home-made voltage amplifier. Two electrodes

were placed in close proximity (100—200 ìm) to the fibres. Stimulus

duration was set to 0·5 ms and the amplitude was adjusted about

10% above the threshold for visible contractions.

Solutions and chemicals

The standard bathing fluid contained (mÒ): 140 NaCl, 2·7 KCl,

1·5 CaClµ, 1 MgClµ, 6 glucose and 12 Hepes, adjusted to pH 7·3.

This solution has an osmolarity of 300 mosmol l¢. Experiments

with Mn¥ were performed in the absence of Ca¥. MnClµ was from

Merck (Darmstadt, Germany); GdµO×, LaCl×, NiClµ, Hepes,

protamine sulphate and protease were from Sigma; fetal calf

serum, Ham’s F_12, CMRL, ¬_glutamine and gentamicin were from

Biochrom (Berlin, Germany); collagenase was from Serva

(Heidelberg, Germany); horse serum and CEE were from Gibco

(Eggenstein, Germany); and fura_2 and fura_2 AM were from

Calbiochem (Bad Soden, Germany).

Results are given as means ± standard deviation of n fibres. For

determination of the significance of the difference between mean

values, Student’s t test was applied. Correlations of data were

analysed using Pearson’s test.

RESULTS

Cultivation and attachment of muscle fibres to glass
coverslips

The best attachment of muscle fibres to glass surfaces, a

prerequisite for fluorescence measurements on single cells,

was achieved by coating the glass with poly-l-ornithine.

Uncoated or poly-l-lysine-coated coverslips did not support

the attachment of fibres. Muscle fibres from young mice

attached themselves faster than those from older ones. Up to

the age of 50 days attachment was firm within 1 day. Fibres

from animals older than 90 days required 2—3 days for firm

attachment. During establishment of conditions for long-

term cultivation we routinely observed that fibres from

MDX mice attached themselves much better to poly-l-

ornithine-coated glass than controls. Fibres from the double

mutant ADR_MDX animals were similar to those from

MDX mice. Experiments were performed with fibres from

animals older than 90 days (range, 90—220 days). Using an

eyepiece micrometer we estimated the diameters of MDX,

ADR_MDX and control fibres to vary between 10 and

60 ìm. The mean diameters ± s.d. were 30 ± 8 ìm

(n = 409) for MDX, 28 ± 7 ìm (n = 87) for ADR_MDX and

38 ± 9 ìm (n = 242) for controls. The results from MDX

and ADR_MDX fibres did not significantly differ (P > 0·08)

whereas they both significantly differed from controls

(P < 0·0001).

Resting Ca¥ levels and electrically induced
Ca¥ transients

Resting Ca¥ levels of muscle fibres were slightly but

significantly higher in MDX (63 ± 20 nÒ; n = 454) and

ADR_MDX (65 ± 12; n = 87) fibres than in controls

(51 ± 20 nÒ; n = 265; P < 0·0001; Fig. 1). We concluded

that Ca¥ entry into MDX fibres at rest is either marginally

increased or, if markedly increased, compensated for by

effective cellular Ca¥ transport systems.

To test the influence of activity on the Ca¥ homeostasis of

MDX fibres we induced visible contractions by electrical

stimulation. At a stimulus frequency of 1 Hz the Ca¥

transients in MDX (Fig. 2A) and control preparations showed

no gross differences in shape and size. Although our recording

system was not fast enough to follow exactly the rise of the

signal, the peak size from an individual fibre varied by no

more than ±10%. Between individual fibres the mean peak

size varied between 0·8 and 1·4 (in terms of the fluorescence

ratio). This was true for both MDX and control fibres, i.e. the

size of the calcium signals was independent of the genotype.

The decay phase of the signals was well fitted with a single

exponential (Fig. 2B). Analysis of the variation of the decay

time constant revealed a range from 10 to 65 ms for both

genotypes. The fraction of fibres with large time constants

was higher for MDX than for controls. In only 20% of

controls (n = 54), but in about 50% of MDX fibres (n = 68)

time constants of decay were > 35 ms (Fig. 3). The larger
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Figure 1. Intracellular free Ca¥ concentrations in
dystrophin-deficient and control muscle fibres

Ca¥ concentrations in resting mouse interosseus muscle fibres

from control (con), dystrophic (MDX) and myotonic-dystrophic

(ADR_MDX) animals. Number of analysed fibres indicated for

each genotype above bar (means ± s.d.).



time constants measured in MDX fibres were not a

consequence of smaller fibre diameters, as the two parameters

were not correlated in either MDX or control fibres.

At 1 Hz stimulation frequency the Ca¥ transients returned

to baseline levels between single stimuli for MDX and

controls (see Fig. 2A). This was true for the longest trains

tested (10 min). At higher stimulation frequencies (10 and

30 Hz) again the amplitudes of the Ca¥ transients in MDX

and control fibres were not different. Estimation of decay

times was hampered by the fact that the Ca¥ transients did

not always return to baseline. In some cases complete Ca¥

deregulation was observed after stimulation with 30 pulses

at 30 Hz (Fig. 4). Deregulation was seen in control as well as

in MDX fibres.

Membrane permeability of muscle fibres for divalent
cations

Extracellular Mn¥ enters cells via the same routes as Ca¥

and quenches the fluorescence signal of fura_2 at both

excitation wavelengths. The speed of the method can be

demonstrated with the fast Ca¥ entry effected by

application of 10 ìÒ acetylcholine (ACh): the fluorescence

dropped to a low value within less than a minute (Fig. 5).

This rapid drop was not observed when the fibres had been

incubated with the ACh antagonist á_bungarotoxin (0·1 ìÒ

for 15 min, Fig. 5). Since Mn¥ is poorly accepted by cellular

transport systems, the fluorescence signal remains low after

removal of Mn¥ and ACh, thus providing an estimate of

the integral ion influx.
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Figure 3. Decay time constants of Ca¥ transients of
electrically stimulated muscle fibres

Data determined from 49 MDX and 36 control fibres grouped

into 10 ms intervals. Percentages of fibres are plotted for each

interval for MDX (4) and control fibres (5).

Figure 2. Sarcoplasmic Ca¥ transients of an MDXmuscle fibre

A, ratio of emission intensities (340 nmÏ380 nm, sampled every 5 ms) vs. recording time. Stimulus

frequency, 1 Hz. B, single transient plotted on expanded time scale. Ascribed decay time constant (ô)

obtained by fitting single exponential to falling phase (continuous line).



During short-term application of 500 ìÒ Mn¥ no quench

was observed in either preparation independently of

whether the cells were at rest or stimulated at 1 or 10 Hz

(Fig. 6). During long-term application the signal slowly

decreased and this quench ceased upon removal of Mn¥

(Fig. 7A). For quantification we used linear regression

analysis to define a quench rate given by the percentage

reduction of the initial fluorescence signal per minute.

The quench rate in resting MDX fibres (3·98 ± 1·9% min¢;

n = 275) was about twice that of control (2·03 ±

1·4% min¢; n = 204) (Fig. 7B). For ADR_MDX fibres the

rate was close to control (2·49 ± 1·4% min¢; n = 87).

Statistical analysis of these data revealed that the difference

in quench rates between control and MDX as well as

between MDX and ADR_MDX was highly significant

(P < 0·0001). Differences in quench rates between control

and ADR_MDX were also significant (P < 0·001). These

findings indicate that the membrane of MDX muscle fibres

is more permeable to divalent cations than that of control or

ADR_MDXmuscle.
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Figure 4. Sarcoplasmic Ca¥ transients in control muscle

A, ratio of emission intensities (sampled every 5 ms) vs.

recording time. Stimulus frequency: 1 Hz (3 pulses), 10 Hz (10

pulses) and 30 Hz (30 pulses). B, Ca¥ deregulation after 30 Hz

stimulation.

Figure 5. Quench of fura_2 fluorescence generated by
entry of Mn¥ into MDX muscle fibres

Sudden drop of fluorescence intensity upon application of 10 ìÒ

ACh in the presence of 500 ìÒ Mn¥ (0). Removal of Mn¥ and

ACh does not restore original fluorescence intensity. After

preincubation with á_bungarotoxin (0·1 ìÒ, 15 min; 1) quench

rate is as small (4·8% min¢) as in the absence of ACh (for control

see Fig. 7).



Effects of ion channel blockers on the Mn¥ quench
rate

First we looked for Ca¥ entry via the dihydropyridine

receptor Ca¥ channel by applying 50 ìÒ nifedipine. Mn¥

entry was not inhibited (not shown). Analysis of other

possible Ca¥ entry sites included the test for leak and store-

mediated ion channels. The test involving the leak channel

blocker protamine was not feasible with our experimental

set-up since, according to our routinely performed control

experiments, protamine reduces the fluorescence signal even

in the absence of Mn¥. Another possible pathway for Ca¥

entry could be provided by store-mediated Ca¥ channels.

Although there are no such channels described for adult

skeletal muscle we investigated this possibility using

carboxyamidotriazole. At 3 ìÒ, this putative blocker of

store-mediated Ca¥ channels was ineffective in reducing

Mn¥ entry. Furthermore, preincubation with á_methyl-

prednisolone (1 or 4 days, 10 ìÒ), supposed to reduce

stress-induced Ca¥ entry in MDX myotubes (Metzinger et

al. 1995), did not prevent Mn¥ entry in resting muscle

fibres from either MDX or control mice.

However, application of 50 ìÒ GdÅ¤ immediately stopped

fluorescence quench in MDX fibres (Fig. 8). On average the

quench rate was reduced from about 4% min¢ to

0·38 ± 0·37% min¢ (n = 70). This value is very close to the

reduced rate that GdÅ¤ produced in controls

(0·36 ± 0·29% min¢, n = 63; Fig. 9A) and is close to the

reduction rate of basal fluorescence seen in the absence of

Mn¥ (about 0·2% min¢). Block of Mn¥ entry by GdÅ¤ was

reversible since fluorescence quench continued after removal

of GdÅ¤ (not illustrated). The persisting quench rates in the

presence of GdÅ¤ were about the same for control and MDX

or ADR_MDX, and for MDX and ADR_MDX (differences

not statistically significant).

Lanthanum and nickel ions (each at 50 ìÒ) as well as the

organic blocker amiloride (50 ìÒ) were also able to reduce

the quench rate. In comparison to GdÅ¤, LaÅ¤, Ni¥ and

amiloride were less effective blockers. Relative to its value in

the absence of blockers, the rate of Mn¥ influx in MDX

fibres was reduced to 10% by GdÅ¤, to 19% by LaÅ¤ and to

47% by Ni¥. Amiloride reduced the rate of Mn¥ influx to

37% (Fig. 9A—D).

DISCUSSION
Most studies analysing Ca¥ regulation in MDX muscle have

been performed with cultivated myotubes which may not be

representative of the situation in adult fibres. In only a few

cases were freshly dissociated muscle fibres used (see Gillis,

1996). Cultivation has the advantage that many fibres from

an individual muscle can be used for experimentation over

an extended period of time. Thus, we were able to analyse

Ca¥ homeostasis and membrane permeability of more than

1000 adult mouse muscle fibres of three different genotypes.

During the cultivation period of 2—10 days we never

observed substantial changes of the resting intracellular free

Ca¥ levels in our mouse interosseus fibres (MDX and

controls). This same result was reported for cultivated fibres

from the mouse flexor digitorum brevis (Liu et al. 1996).

Therefore it can be concluded that the process of cultivation
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Figure 6. Absence of Mn¥ entry during short-term muscle activity

Application of 500 ìÒ Mn¥ to an MDX fibre during electrically induced contractions (10 Hz, 10 pulses,

lower trace) does not reduce fluorescence intensity (upper trace). Ca¥-independent fluorescence intensity

calculated as described in Methods.



does not harm the cellular mechanisms regulating the

resting Ca¥ level in mouse muscle fibres.

It has been reported that cultivated myotubes, especially

those from MDX muscle, have normal (Pressmar et al. 1994)

or slightly increased Ca¥ levels (Head et al. 1990). Our

finding of nearly normal resting Ca¥ levels in cultivated

MDX fibres is in accordance with the majority of findings

obtained with freshly isolated fibres (Bakker et al. 1993;

Rivet-Bastide et al. 1993; Gailly et al. 1993; Pressmar et al.

1994; Gillis, 1996), but disagrees with others (Turner et al.

1991; Hopf et al. 1996). The differences may be due to

different procedures of dye loading or to different muscles

used for analysis. Dye loading performed at 37°C (in

contrast to 23°C) diminishes differences in resting Ca¥

levels between MDX and control fibres, most probably due

to dye compartmentalization (Hopf et al. 1996). Different

muscles may have different fibre-type compositions

influencing the results. But even when independent groups

used the same muscle, the results (reviewed by Gillis, 1996)

were sometimes controversial.
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Figure 7. Quench rates obtained from different muscle fibres

A, determination of quench rate (5% min¢) in an MDX fibre using

linear regression analysis. Calibration of both axes different from

those in Fig. 5. The decline of the fura_2 fluorescence is expressed as

percentage per minute (initial fluorescence intensity = 100%). Bar

indicates presence of 500 ìÒ Mn¥. B, overall results from

control (5), MDX (4) and ADR_MDX ($) fibres.

Figure 8. Block of Mn¥ entry into an MDX fibre by
GdÅ¤

Application of 50 ìÒ GdÅ¤ immediately prevents entry of

Mn¥. Presence of Mn¥ and GdÅ¤ indicated by bars.



Upon stimulation, the decay of the Ca¥ transients in

cultivated interosseus fibres from MDX muscle was slower

than in control. This contrasts with findings obtained with

freshly isolated MDX fibres from the flexor digitorum brevis

(Head, 1993). There, the transients showed a narrow range

of decay time constants (around 40 ms), whereas in

interosseus fibres the distribution ranged from 10 to 65 ms.

The fraction of MDX fibres having large decay time

constants was clearly higher than control. This might be

explained by a defective regulation of energy metabolism

(Even et al. 1994) or by functionally altered Ca¥ pumps of

the sarcoplasmic reticulum (Kargacin & Kargacin, 1996).

Since isolated muscle fibres did not tolerate high stimulation

frequency in a long run, it was impossible to verify results

reported from intact muscles which showed an increase in

muscle Ca¥ content during long-term stimulation

experiments (Everts et al. 1993).

Using the manganese quench technique we found that in

MDX fibres the membrane permeability to divalent cations

was twice the value of controls. The differences in quench

rates between the genotypes were not due to differences in

fibre calibre, since the calculated correlation coefficients (rÂ)

between diameters and quench rates were extremely small

(Pearson’s rÂ < 0·04 for each genotype). An increased Mn¥

entry into MDX muscle was also obtained with cultivated

myotubes (Hopf et al. 1996). The increase might be based on

an increased open probability of single mechanosensitive ion

channels (Franco-Obr�egon & Lansman, 1994) or on an

increased mean open time of leak channels (Hopf et al.

1996). Both channel types seem to be clustered in MDX

muscle fibres, and it is conceivable that an increased activity

might initiate focal damage. These same types of ion

channels are also found in myotubes at about 10-fold higher

frequency, with similar or mildly changed gating properties

(Franco-Obr�egon & Lansman, 1994; Hopf et al. 1996).

Together with the finding of nearly normal resting Ca¥

levels the increased membrane permeability to divalent

cations means that in MDX fibres the Ca¥-sequestering

mechanisms must be continually coping with an overload.

As to the main aim of this study, our evidence of several

channel blockers being able to reduce the extra Mn¥ (i.e.

Ca¥) entry in MDX fibres clearly favours the hypothesis

that this entry occurs through channels and not through

transient membrane lesions. A similar conclusion was drawn

from findings of an increased Mn¥ influx into cultured

myotubes effected by the leak channel activator nifedipine

(Hopf et al. 1996). As nifedipine neither stimulated nor

inhibited the Mn¥ quench in our adult MDX fibres we tend

to believe that in this case mechanosensitive rather than

store-mediated Ca¥ channels are responsible for the extra

Ca¥ influx. This conclusion is corroborated by other reports

of mechanosensitive channels being blockable by amiloride

O. Tutdibi, H. Brinkmeier, R. R�udel and K. J. F�ohr J. Physiol. 515.3866

Figure 9. Block of Mn¥ entry into MDX, ADR_MDX and control fibres by various ion channel
blockers

Quench rates determined in the presence of 500 ìÒ Mn¥ and the agent indicated (5, before; 4, after

application of channel blocker). A, GdÅ¤; B, LaÅ¤; C, Ni¥; D, amiloride.



(Hamill et al. 1992) and GdÅ¤ (Imbert et al. 1996). As to the

entry of Mn¥ into myotubes, this may well occur via

different channels.

Judging from the nearly identical quench rates remaining in

the three different genotypes after application of each of the

four tested blocking agents, we assume that the passageway

is identical in MDX and control fibres, but of different

activity. The increase in channel activity might rise by a

much greater factor than two when MDX muscle is stressed

by isometric or eccentric contractions. Thus it is conceivable

that this overactivity effects the late muscle damage in the

course of Duchenne muscular dystrophy.

As already reported (Kr�amer et al. 1998), the muscles of the

myotonic-dystrophic double mutant ADR_MDX, though

also completely lacking dystrophin, show fewer signs of

fibre necrosis and fibrosis than pure MDX muscles. We have

now shown that fibres of ADR_MDX muscle, compared
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