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Abstract. Dystrophin, a 427 kD membrane-associated— Sarcolemma — Muscular dystrophy — Membrane
structural protein in muscle cells, is thought to conferwound

strength to the myofiber sarcolemma and protect the

membrane from rupture during the stresses of contrac- ]

tion. Dystrophin is absent in muscle cells from Du- Introduction

chenne muscular dystrophy (DMD) patients amdix

mice, a DMD model. Dystrophic muscle membranes un_The calcium leak channel of skeletal muscle cells is a
dergo more frequent transient, nonlethal tears than noroute for calcium influx at resting membrane potentials
mal cell membranes, especially during exercise. In ad{Fong et al., 1990; Turner et al., 1991, 1993). The cal-
dition, the mean open probability of a background cium permeability it represents may play a role in the
(“leak”) calcium channel is higher in dystrophic muscle homeostatic regulation of the cytoplasmic free calcium
cells, which leads to higher intracellular free calcium concentration, since it is activated in response to the
levels. Because elevated calcium levels may contributélepletion of intracellular calcium stores (Hopf et al.,
to the eventual necrosis of muscle cells in DMD, we 1996). Calcium leak channels are more active, i.e.,
examined the possibility that the history of sarcolemmalhave a greater mean open probabilif§,)( in muscle
rupture at a specific location on the membrane affects th€€lls from Duchenne muscular dystrophy (DMD) pa-
open probability of nearby calcium leak channels. Mem-tients and themdxmouse (Fong et al., 1990; Franco &
brane ruptures left by the excision of cell-attached patchLansman, 1990). This mouse strain is a DMD animal
clamp electrodes were used to mimic natural tearsmodelwith a similar deletion mutation in the gene for the
Patches made within 5 microns of excision sites con-cytoskeletal protein dystrophin. Increased leak channel
tained channels with a fourfold greater mean open probactivity is associated with raised resting intracellular free
ability than channels in patches 0n away from rup- ~ calcium levels in the dystrophic muscle cells (Turner et
tures. The increased leak channel activity near rupturedl., 1988, 1991; Bakker et al., 1993), which in turn is
was seen continuously through the duration of the reassociated with higher levels of calcium-dependent pro-
cordings and was not seen if the rupture was made in thteolysis (Turner et al., 1988, 1993; Alderton & Stein-
presence of the protease inhibitor leupeptin. Calciumhardt, 2000). Inhibition of proteolysis by culturing
background channels proteolytically activated near rupmuscle cells in the presence of leupeptin prevents the
tures, perhaps in a calcium-dependent manner, may thugcreased leak channel open probability ratix cells

be the lasting consequence of the weaker dystrophic saffurner et al., 1993). These results have led to the hy-
colemma, leading to chronically raised intracellular freepothesis that calcium-dependent proteolysis and leak
calcium, increased calcium-dependent proteolysis andshannel activation interact with each other in a positive
eventually, necrosis. feedback cycle until repair mechanisms are over-
whelmed and the cell becomes necrotic. It remains un-
clear, however, how the absence of dystrophin can start
the cycle by causing either the initial calcium increase or
the activation of calcium leak channels.

- Dystrophin is presumed to play a largely structural
Correspondence t03.C. McCarter role in the membrane cytoskeleton as one unit in a chain
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of protein associations linking the extracellular matrix to mated -50 mV resting membrane potential. Channel activity was mea-
the internal actin-based cytoskeleton (Straub & Campsurgd by open probgbiliM\lPo, which for.a multichannel patch is
bell, 1997). It is thought that in dystrophic skeletal defined as the sumk,_, nip,(n)], wheren is the conductance level,
muscle cells the break in this chain caused by the absen ggrresponding to the number of simutaneously open charmgfs,is
- y (Eﬁ’e fraction of time the current dwells at thth conductance level, and
of dystrophin renders the membrane more vulnerable tq is the maximum observed conductance level. For patches in which
the stresses incurred during muscle contraction (Clarkeanly one channel is active the true single-channel open probalfjty,
Khakee & McNeil, 1993; Petrof et al., 1993; Menke & was used.
Jockusch, 1995; Pasternak, Wong & Elson, 1995). As a  All values are given as mean sem, employing Student's two-
result, the muscle cells @fidxmice experience transient, failedttest
survivable sarcolemmal ruptures more often than those
of normal mice, especially during exercise (Clarke et al.,Results
1993). We hypothesized that transient local membrane
disruptions could act on nearby calcium leak channels td?atch-clamp recordings of barium-permeable single
increase their open probability. One expected conseehannels were performed on 7 to 14-day-old normal
quence of such membrane tears would be an influx ofnouse myotubes. A sarcolemmal rupture was created by
extracellular calcium ions, which could trigger local cal- the excision of a membrane patch when the patch-clamp
cium-dependent proteolysis. We therefore also testeélectrode (tip diametefll wm, attached by a gigohm
whether inhibition of proteolysis could prevent the in- seal) was suddenly withdrawn from the cell. Wounded
crease in channel activity. Proteolytic activation of cal-sites appeared unchanged upon microscopic inspection
cium leak channels near membrane ruptures could corwith no overt signs of cellular damage after patch exci-
stitute a previously unrecognized link between a mem-sion unless it was performed at the same site more than
brane cytoskeletal defect and a lasting misregulation ofhree times, after which the membrane frequently started
intracellular calcium levels. blebbing. A particular site was thus typically wounded
only once or twice for the experiments described here
(one site had been wounded three times). Within 5 to 15
Materials and Methods min of creating the rupture a new recording electrode
was sealed onto the cell, either withinudn of the rup-
Primary myotube cultures were prepared by isolating satellite celistUre sité or approximately 5m away. Channels re-
from hindlimb muscles of 4—10-week-old adult mice and culturing as corded in patches from unwounded myotubes were an
previously described (DiMario & Strohman, 1988; Denetclaw et al., additional control. Figure A shows a typical trace from
199?_»)_. Briefly, myok_)lasts were grown f(_)r 5-6 days in pulbecco’s a patch 5Qum distant from a rupture. The activity of this
modified eagle media (DMEM, Gibco) with 20% fetal bovine serum channel, as measured by the mean open probaliligy

(Hyclone) and 2% chick embryo extract (Gibco). The cells were then _ e s
removed with trypsin (0.05%) and replated into 35 mm dishes with — 0.022 over the lifetime of the patCh)’ was similar to

DMEM and 2.5% horse serum (Hyclone), which induced differentia- prgwously reported mean values for normal, nondyStro'
tion and fusion of myoblasts. Penicillin-G and streptomycin sulfate (50Phic myotubes P, = 0.018-0.040; Fong et al., 1990;
units/ml and 50ug/ml, respectively, Gibco) were added to all growth Turner et al., 1991; Hopf et al., 1986McCarter et al.,
media. Fibroblast growth was controlled by incubating muscle cell 1997). Figure B shows a typical channel recorded
cultures with 5um cytosine arabinofuranoside beginning 1 day after \within 5 pm of a rupture site. Compared to the patch

differentiation. The myotubes used in experiments were multlnucleat—a ay from the rupture, this patch displayed a higher level

zgoirt]gnzgggeg::tilsgr.norphomgy' possessed sarcomeres, and eXh'b't% channel activity, with mean Iifetimd.éle0 = 0.057.
Single-channel measurements were made using conventional N€ mearNP, of all channels in both kinds of patch, as
patch-clamp techniques. Briefly, patch electrodes were pulled and firavell in patches from unwounded cells, are presented in
polished to resistances of 5 to i¥), and coated with Sylgard. Data the Table and Fig. 2. The me&lP, of the channels seen
were originally filtered at two kHz using a -3 dB, four-pole Bessel near ruptures was significantly greater than that of chan-
low-pass filter, and acquired_ using the_Fetchex program of pClamp6ng|s 50um away from ruptures. The me&P, of chan-
(Axon Instruments, Foster City, CA), with a sampling rate of 5 or 10 els recorded in patches 50m distant from ruptures,

kHz, in 60-sec episodes. Data were analyzed using the Fetchan arﬁi indisti ishable f h f ch IS i
pStat programs of pClamp6 and were digitally filtered at 1 kHz upon owever, was Indistinguishable from that of channels in

playback, if necessary. Channel opening and closing events were dfatches from unwounded myotubes (Table), implying
fined by the current crossing a threshold of 50% of the unitary currentthat the effect of wounding was localized to a region
amplitude, based on a continuously updated zero-current level, angvithin 50 wm of wound sites. The high level of leak
confirmed visually. The pipette filling solution contained 96BaCl, channel activity in the near-wound patches was constant
and 12.4 ru HEPES at pH 7.2 (BaO$). The bath solution consisted over the duration of recording (1 to 12 min, me&h

of (in mw): NaCl 138, KCI 2.7, MgC] 1.06, CaC} 0.6, glucose 5.6, i)y gince recordings were begun up to 15 min after

Na-HEPES 12.4, pH 7.25 (NaOH). The low concentration of calcium A .
was used to reduce spontaneous contractions of the myotubes. ExpeWoundmg' the enhanced activity of leak channels near

ments were performed at room temperature (approximately 25°C). fuptures was typically opserved from 10 to 25 min after
Voltages reported for cell-attached recordings include an esti-the creation of the transient rupture.
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Fig. 1. Calcium leak channels are more active near sarcolemmal rupture sites. Representative traces of calcium leak channel activity recorde:
myotube membrane patches located approximatelyrtfrom (A) or within 5 um of (B) the sites of previous patch excisions. Records show 20
secs of continuous single-channel activity in cell-attached patches held at -7@)navid —-50 mV B), relative to the myotube resting potential
(&350 mV). Openings of the channels are represented by downward deflections of the trace; bottom traces are expanded reproductions of the den
segments. InA) rupture-forming patch excisions were performed 5 and 28 min prior to making the seal of the recording electrode approximately
50 wm down the myotube. The open probability of the channel was 0.019 during this trace and 0.022 over its lifetBhe¢hénrécording was

begun 5 min after a patch excision approximatelyr away. The open probability of this channel was 0.068 during the trace and 0.057 over the
patch lifetime.

Table. Qualities of channel activity in specified areas of the sarcolemma, relative to rupture sites

Location of patch Unwounded myotubes pfh from rupture <5um from rupture
n 13 9 12

Mean channel open 0.017+ 0.009 0.017+ 0.006 0.065 = 0.020
probability: (NP,)

Patches with channel 22 26 27

activity (%)

Mean number of apparent 139 + 0.17 122 + 0.14 1.58 + 0.19
channels/patch

Mean open duration (msec) 499 + 0.62 434 + 044 5.20 + 1.06
Mean closed duration (msec) 1976 +725 1481 +577 203 +72

The mean current-voltage relation of the calciumwe tested whether proteolysis is responsible for the
leak channel was unaffected by wounding history (Fig.higher leak channel activity observed at sarcolemmal
3). Thel-V plots for channels in patches on unwoundedrupture sites. We performed experiments identical to
myotubes, 50um from ruptures, and close to ruptures those described above, except that ruptures were created
were all similar to each other and to previously publishedwhile the cysteine protease inhibitor leupeptin (o)

I-V relations for the calcium leak channel (McCarter etwas included in the bath solution and after the myotubes
al., 1997). The similarity of théV relations (which in- had been incubated for 1 to 2 hr in the presence of
clude an assumed resting potential of =50 mV) indicatedeupeptin as well. Channels recorded from sites near
that the membrane voltage had been restored after mptures that were made in the presence of leupeptin had
likely transient dissipation during rupture. As in previ- a mean open probability of 0.016 £ 0.008 & 9,
ous studies (Turner et al., 1991), there was no deperfFig. 2). This value was not different from théP, of
dence of leak channel activity on membrane voltag#t (  those channels recorded on unwounded myotubes and
shown). was significantly less than the me&P, of channels

When the sarcolemma of a myotube is wounded, aecorded near wounds made in the absence of leupeptin
transient entry of extracellular calcium ions is likely to (P < 0.05, Fig. 2). Channels recorded in the presence of
occur. Since previous work in our lab has shown aleupeptin at sites 5qum away from wounds or on un-
higher level of calcium-dependent proteolysis in dystro-wounded myotubes had a mebi®, of 0.008 + 0.003
phic muscle cells (Turner et al., 1988), which also exhibit(50 wm from rupture sites and unwounded myotubes
higher calcium leak channel activity (Fong et al., 1990),combined,n = 3 each, Fig. 2). This value is not
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the data gave slope conductances of 13 pS for near-rupture channels, 12
pS for channels distant from ruptures and 11 pS for channels on un-

Fig. 2. Inhibition of proteolysis prevents the increase in mean channeIWOunded myotubesshow).

open probability at rupture sites. Mean &m) NP, values are plotted
for channels recorded near rupturesp pm away from ruptures, and

on unwounded myotubes in the presence or absence of the cysteine h h ined . h | v slightl
protease inhibitor leupeptin. Channels at rupture sites had a signifipatC es that contained active channels was only slightly

cantly higher mean open probability (0.065 + 0.08G; 12) thanthose ~ dreater on wounded myotubes, both near wounds and 50
recorded on unwounded myotubes (0.017 + 0.608; 13,P < 0.05)  wm from wounds, compared to unwounded myotubes
or at sites’50 um distant from rupture sites (0.017 + 0.006= 9, P (Table). Thus, the increased leak channel activity near
< 0.05). There was no difference between channel activity recorded agnembrane ruptures, as indicated by m@o value, was

sites distant from ruptures and those seen on unwounded myotubeﬁrimar”y due to an increase in individual channel open
When myotubes were exposed to bt leupeptin prior to and during rprobability

rupture formation, there was no difference between the mean ope - . .

probability of channels recorded withinggm of sarcolemmal ruptures The open probability of a channel is related to its

(0.016 + 0.003n = 9) and those seefB0 pm distant from ruptures  Mean open and closed durations. While the mean open

or on unwounded myotubes (combinki®,: 0.008 + 0.003n = 6; P lifetime was not different between channels from sites

> 0.05). near ruptures and those p0n distant, the mean closed
time was significantly shorter for channels recorded at
rupture sites (Table). This suggests that the activation of

significantly different from theNP, of channels in  the leak channel was caused by a longer-duration closed

patches either 5@um from ruptures or on unwounded state (i.e., closings between bursts of openings) becom-

myotubes in the absence of leupeptin, or B, of  ing less energetically favored.

channels in patches near ruptures in the presence of leu-

peptin. Blocking proteolysis thus prevents the higher

meanNP, of channels near membrane ruptures. Discussion

An increase ofNP, can be caused by either an in-

crease in the number of channels active in the patch or awe have shown here an increased level of calcium leak

increase in the open probabilities of the individual chan-channel activity at sites near recent transient ruptures

nels. The mean number of channels apparent in indiin the membrane. The enhanced medR, of the

vidual patches, as indicated by the maximum number othannels observed within fm of membrane ruptures

overlapping openings, was slightly greater in the near{0.065) falls within the range of values reported for dys-

wound recordings than in either unwounded or wound-rophic myotubes frormdx mice (0.040 to 0.086; Fong

distant recordings (Table). In addition, the percent ofet al., 1990; Turner et al., 1991; McCarter et al., 1997).



G.C. McCarter et al.: Calcium Channels Active Near Membrane Ruptures 173

Wounding the membrane in the presence of the cysteinaffect a long-term defect in calcium homeostasis, did not
protease inhibitor leupeptin prevented the increase imestore normal intracellular calcium levels (Hopf et al.,
leak channeNP,, similar to the reduction of leak chan- 199@). Second, the increased divalent cation entry seen
nel activity to normal levels imdxmyotubes cultured in  in mdxmuscle cells through manganese quench of fura-2
the presence of leupeptin (Turner et al., 1993). We havéluorescence is reduced by ion channel blockers that
thus provided evidence that the increased calcium charlower leak channel activity (Hopf et al., 1986Tutdibi

nel activity seen in dystrophic muscle cells may beeét al., 1999). Third, we have shown previously that so-
caused by proteolytic activity near the sites of previousdium permeability is not altered in Duchenne midx
membrane ruptures, which are known to occur more fremuscle cells (Turner et al., 1991), ruling out a general
quently in such cells (Clarke et al., 1993). The naturalP€rmeability increase to cations that would be expected
cause of the transient ruptures is likely to be the stresseé cell wounds continued to leak. Since we observed

that develop during contractions, which occur spontanehigher leak channel activity for up to 25 min after
ouslyin vitro (Alderton & Steinhardt, 2000). wounding, we conclude that the increased calcium influx

The occurrence of significant influxes of calcium at S€en in Duchenne anehdx muscle cells is due to the

membrane wound sites has been demonstrated by tH@ng-lasting activation of calcium leak channels at
observation of brief calcium-dependent vesicle exocytoWound sites.

sis within a few microns of microneedle punctures and

laser wounds (Steinhardt, Bi & Alderton, 1994; Bi, Al-

derton & Steinhardt, 1995; Togo et al., 1999). There aré?eferences

two major isoforms of the ubiquitous calcium-activated agerton, 3.m., Steinhardt, R.A. 2000. Calcium influx through calcium
neutral proteasesi-calpain and m-calpain, which re- leak channels is responsible for the elevated levels of calcium-
quire micromolar and millimolar calcium for half- dependent proteolysis in dystrophic myotubds.Biol. Chem.
maximal activation, respectively (Croall & DeMartino,  2759452-9460

1991). Since a rupture will allow calcium influx from an Bakker, A.J., Head, S.I., Williams, D.A., Stephenson D.G. 1993 Ca
unlimited pool of 600uM, it is possible that calcium levels in myotubes grown from the skeletal muscle of dystrophic

levels will be high enough to activate an isoform of this (md§ and normal mice). Physicl.4601-13
9 9 Bi, G.Q., Alderton, J.M., Steinhardt, R.A. 1995. Calcium-regulated
enzyme at a membrane wound.

! g . . exocytosis is required for cell membrane resealihgCell Biol.
Despite the molecular identification of the genetic  1311747-1758

defect in several of the muscular dystrophies and a growelarke, M.S., Khakee, R., McNeil, P.L. 1993. Loss of cytoplasmic
ing understanding of the role of dystrophin and the dys- basic fibroblast growth factor from physiologically wounded myo-
trophin_associated proteins as Components of the trans- fibers of normal and dystrophic musclé. Cell Sci.106:121-133
membrane protein scaffold, a direct causal mechanisrfroall, D.E,, DeMartino, G.N. 1991. Calci_um-activated neutral_ prote-
between the absence of dystrophin and muscle cell ne- ;seev (;:fg)fén)ngtem: structure, function, and regulafhysiol.
crosis has not heen established. Two hypo_theses th%tenetclaw, W.F., Jr., Bi G., Pham, D.V., Steinhardt, R.A. 1993. Het-
have b.een put forward are the structural def|C|ency hy' erokaryon myotubes with normal mouse and Duchenne nuclei ex-
pothesis (Petrof et al., 1993; Pasternak et al., 1995) and hibit sarcolemmal dystrophin staining and efficient intracellular
the calcium misregulation hypothesis (Turner et al., free calcium controlMol. Biol. Cell 4:963-972

1988; Fong et al., 1990; Franco & Lansman, 1990). ThediMario, J., Strohman, R.C. 1988. Satellite cell from dystrophicy
results presented here provide a possible link between mouse muscles are stimulated by fibroblast growth factor in vitro.

these two hypotheses. A higher occurrence of membrane Pifferentiation39:42-49

ruptures in dystrophic muscle, caused by a lack of strucFond: P-. Turner, P.R., Denetclaw, W.F., Steinhardt, R.A. 1990. In-
creased activity of calcium leak channels in myotubes of Duchenne

tural mteg_rlty due _to th_e absence Qf dystrophin, ,may human andndxmouse origin.Science250:673-676
allow localized caIC|u_m influxes and mcreased caIaum—FranCQ A. Jr. Lansman, J.B. 1990. Calcium entry through stretch-
dependent proteolysis. Nearby calcium leak channels jnactivated ion channels imdxmyotubes Nature 344:670-673
are proteolytically activated and thus represent a lastingiopt, F.w., Reddy, P., Hong, J., Steinhardt, R. 1896 capacitative
trace of the transient membrane ruptures. calcium current in cultured skeletal muscle cells is mediated by the

That the chronically raised intracellular free calcium  calcium-specific leak channel and inhibited by dihydropyridine
seen in dystrophic muscles is due to channel activity and compoundsJ. Biol. Chem271:22350-22367
not to the membrane ruptures themselves is supported Byerf, F.W., Turner, P., Denetclaw, W., Reddy, P., Steinhardt, R.
several observations. First, chronic exposure of cultured 19960. A c!’mcal evalu_anon of resting |ntrace|lu|_ar free calcium

] ; regulation in dystrophiendx muscle.Am. J. Physiol40:C1325—

dystrophic myotubes to tetrodotoxin, to prevent mem- C1339
brane—damqgmg contractions, lowered resting mtracelluMcCarter’ G.C.. Denetclaw, W.F., Jr.. Reddy, P.. Steinhardt, RA.
lar free calcium to normal levels. However, acute (5_20 1997. Lipofection of a cDNA plasmid containing the dystrophin
min.) exposures to tetrodotoxin, which should prevent gene lowers intracellular free calcium and calcium leak channel
any calcium rise due to transient tears but should not activity in mdxmyotubes Gene Ther4:483-487
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