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ARTICLE

Mini-dystrophin Expression Down-regulates IP3-mediated Calcium
Release Events in Resting Dystrophin-deficient Muscle Cells

Haouaria Balghi, Stephane Sebilie, Ludivine Mondin, Anne Cantereau, Bruno Constantin,
Guy Raymond, and Christian Cognard

Institut de Physiologie et Biologie Cellulaires, CNRS UMR 6187, Universite de Poitiers, 86022 Poitiers, France

We ptesciit hcte evidence for the eiihaticetnctit. at test, oi ati iiiositol 1,4.rKnsphosphate (lP;i)-nicdialed cakiutn
signalittspallnvayiii iiivntubes ftom dystt-ophiit-dcficietil cell liues (SolC.I(-)) as compared to a cell line from the
siutic oriiiiii hul transfcctcd with liiitii-dysttophhi (SulD( + )). With cottfocal tnicruscopv, tlie number of sites dis-
chatgiug calcium (release site density IRSD]) was quaniificd attd foutid itiote t-leviticd in S()IC.1(-) ihan lu
SolD( + ) niyotiibcs. Variations of membrane polcnlial had no sigtiiHcant effect on tliis diffctcucc, and higbcr rest-
ing [Ca-+]i in S o l C l ( - ) (Marchatid, E.. B. Constantin, H. Balghi, M.C. Claudcpierre, A. Cantereatt, C. Magaud.
A. VIou/ou.G, RavmoiKlS. Brautt. and C. Cognaid. 2004. Exp. Oil Res. 297:36;i--i79) cannot explain alone hij^hcr
RSD. The exposure witli SR Cla-" cltannel inhibitors (i-\'atiodinc attd 2-APB) and plios])li()lipase C inhibitor
(U73122) sii;tiiHcatitlv ifduced RSD in both cell ivpt-s but with a sttotigcr cffrrt itt dystrophin-deficient S o l ( ; i ( - )
myotiibcs. Iititituttocjtochcmistry allowed tts toiocali/f lyaiiodltie rcci'|)t()ts (RyRs) as well as W?> reccptots (IF;iRs),
IP3R-1 atul 1F3R-2 isolorm.s, indicating the presetice of both RyR-s-dependcut attd IP3-depcndent release systems
ill both cells. We pre\iottsly leported evidence lor the etihancemettt, thtoitgh a Gi protein, of the IP.^mediated
calcium sit,nialitig pathwav itt S()IC.1(-) as compared toSolD( + ) myotulx-s dining a high K^ stitnulation (Balgbi,
H., S. Scbille, B. Constantin, S. Patri, V. Thotcatt, L. Mondin, E, Mok, A. Kit/is, G. Raytnond. and C. Cognatd. 2(106.
/. Oil. I'liy.siol. 127:171-182). Here we show ihat, at rest, these regulatiou ttiechanisnis are also in\()Kcd in lite tiiod-
ulation of calcium release activities. The enhancement oi resting leleasc activity may patticipate in tbe calcium
overload observed in dysttophin-deficient tnyottibes, and our fiuditiirs support tlie hypothesis of the regulatoiy
role of mitti-dystrophin on iutracelltilar signalitig.

INTRODUCTION

Duchcnne muscular dystrophy (DMD) is the most fre-
qtient of [genetic diseases (1 boy in 3,500) and affects a!!
muscles (skeletal, smooth, aud catdiac). This progtes-
sive disease is characterized by the absence of dystrophin
diw to a defect iti the p21 band of the X chr<jmosonic
(Monaco et al., 198(i). Dystrophin is a 427-kD cyto-
skclctal ptott iti normally expressed at the inner sur-
face of the satcolemtna of uiuscle fibers (Hoffuiati
ct al., 1987) anri associated with a huge complex of
proteins known as the dystiophin-associated proteins
(l)APs) (Ervasti atid Campbell, 1991). In 19,55, Becker
and Riciicr described another fbt tu of ptogressive mus-
cular dystrophy, the Becker niuscular dystrophy (BMD),
associated later with tlic cxjjrcssion of a truncated
229-kD protein, namely nuni-dystrophiti. It has been
sliowti that the small size of the gene encoding for niiiii-
dystrophiti faciliuitcd its cx|}ression via a rctrovirai
\ector, allowing ftuu tioual teco\ery in mdx mice
(Deconinck ct al., 1996).

In DMO patients, the lack ofdystrophiti leads to mus-
cle dcgcnctatioti and progressive weaktiess. It was pro-
posed that, ill dystrophic cells, absence of dysttophiii
leads to ahiiottual cle\atioti of the cytosolic resting cal-
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cium level (Bodensteinerand Engel, 1978; linbert etal.,
1995). How the absence of dystrophin leads to the
cytosolic calcium overload at the origin of tbe extensive
muscle degetieration at the late stages of DMD is still
poorly tuiderstood. Presently, there is little data coll-
ect ning a possible role of Ca-^ stored in the SR in cal-
cittttt mishandling ohser\'ed in dystrophic cells (Liberoiia
ct al., 1998). Furtlietiiiore, modifications in the regula-
tion of internal calcium stores have been suggested to
be involved in the general calcium disrcgulatioti in
DMD (Divt't and Hitclict-Cadiou. 2002; Vandeht\>uck
c-t al., 2002).

Excitation-contraction couplitig in skeletal tnnsck'
takes place by release of stored calcium frotn the SR via
r\atioditie rcceptots (RyRs). This teleasc is tiiggered by
ati allosteric signal transmitted to the release channels
frotii the dihydropyridine tcceptors (DTIPRs) (Rios and
Pizarro, 1991; L'rsu ct al., 2001; Lorenzon ct al., 2004).

AbbrcviatioLis used in this paper: AM, iiceloxviiietlnl; 2-APB. 'i-^
etlio\\(li]jhenyic borate: BMD, Becker nmstnlar dysirnphy: <;I<:K,
ralciuni-indiKcd ralcium release; DHPR, diliydnipyridine receptor;
DMD. Diichenne mnscular dystrophy: FDHM, full duration at half
niaximum; F\\'HM, lull width al half maximum; IP3, iiiosinil 1.4,Ti-
iiisphnsphate: Il'.tR. IP!̂  leceplor; RSD. release silf density; RT. rise
time: RyR. (^iuuidine receptoi; SR. sarto plasm ic retifulum.
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The presence of IP3 iccepiors in tiiliurt'd musck-
(Libcrona ei al.. 1*)98, Powell et al.. 2001) and in adull
skeletal muscle (Moscbella et al., 1995, Salanova ei al.,
20021 also suggests a role for IP3 signals in boili nuclear
and cytopiasmic comparlmeuts. These cascades result
in tbe up-regulation of gene activity (Powell el ;il., 2001.
Canasco et al.. 2003). An IPS signaling patliway. wbicli
depends on ibe voliage sensor of the DHPR. was then
proposed in cultured muscle (Araya el al.. 200.S. FItit
eial., 2006).

Previous studies have sbown significant local quautal
Ca-^ release evenis at rest using laser scanning confocai
fluorescence microscopv (Cheng et al., 1993). RyR
channels are known to contribute to tbese evenis (Lipp
aud Niggli, 1994; Mackenzie et al., 2001), and tbeir con-
certed opening and closing result in a miniature Ca-
release eveui called a spark (Lacampagne el a l , 1998;
Sbirokova et al., 1999; Conklin et al., 2000; Kcttliui et al.,
2003). In mammals, Ca-' sparks lia\'e been descrit:)ed
ill smooth muscle (Mironneau etal., 1996; Gordienko
et al., 1998; Jaggar et al.. 2000), cardiac muscle (Niggli,
1999; C:ordeiro et al.. 2001; Lipp et al.. 2002), and .skele-
tal muscle cells (Cheng et al., 1999; Sbirokova et al.,
1999; Zbou ct al., 2003). In smootb muscle cells, sites
of spont;\neous Ca-* sparks may coincide with sites of
IP3-induccd Ĉ a-'* release, suggesting possible intercom-
munication between RyRs and lP3Rs in functional
niicrodouiains (Clordicnko and Bolton, 2002; Zhang
et al., 2003). In cardiac muscle, spatio-temporal reeruit-
ment of Ca''+ sparks underlies tbe global Ca^+ signal
tliat subsequently activates myocyte contraction. In
these cells, activation of IP3Rs tbat colocalize witb RyRs
(Lipp et al., 2000) causes the appearance of spontane-
ous subsarcolemnial Ca'-+ sparks (Bootman et al., 2002;
Mackenzie et al., 2002). In developing or mature skele-
tal muscle cells, it is still unknown il IP3Rs could con-
tribute in ibe initiation and/or propagation of
spont;uieous caleium release events.

In our previous works using a Sol cell line, iutiinsi-
cally lacking dystrophin (Sol8 or SolCl ( - ) ) , we bad
selected stable SolH subclones, SolD( + ), which con-
stitulively express the liMD mini-dysiropbin (Marchand
et al.. 2004). Myottibcs from the Sol(:](-) cell line
exhibited morphological signs of eell deiUh during
myogenesis in culime. in parallel witb an alteration of
Ca-+ honieostasis. FurtbernKjre, expression of liMI)
inini-dy.strophin restored sarcolemmal expression and
location of several members of the DAPs complex and
allowed tbese cells to recover an intracellular Ca-'" con-
centration closer to myotubes from mouse primary cell
culture. We also reported evidence for tbe enbauce-
meiit of tbe lP3-mediated calcium signaling pathway in
SolCl ( - ) as compared with SolD( + ) myotubes (Balgbi
et al., 2006). Tliese previous experiments were per-
formed in myotubes stimulated witb perfusion of a solu-
tion containing liigb potassitim concentration, (ilobal
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caicitLui rise obsened in thi.s stimulation condition de-
pended on two mechanisms ol SR calcium i elease: a fast
SR calcitmi release, dependent on llie RyRs, and a slow
release, mediated by lP3Rs. We fuither demonstrated
thai the slow release, fleijending on ihe regulation of a
Gi protein, was increased in the SoK-l ( - ) as compared
with ibe SolD(-F) myotubes.

Here we show thai tbe regulation mechanisms de-
scribed above during stimulation are also involved in
the modulation of resting calciimi release. Witb the use
of a parameter describing the density of release sites, a
pattern of lesting release sites was fotuid to be different
in dystropbin-deficient SolCl(- ) myotubes and in
SolD( + ) ones. Experiments conducted iu this work
demonstrate a modtilatory effect of uiiui-dystrophiii, at
rest, on spontaneous events of calcium release that de-
pends on the IP3 signaling ])atbwa\.

MATERIALS AND METHODS

Cell lines
Sol<S iiiyot:;eiiircfll lint- {agifi fVoin I, Martrlly. L'nivcrsity of Paris
\ I I , CrcU-il. France) derived from tlic SolH cell line originally ol>
Uiiiu-(l fi-oni priiiKiiy ciillure of normal C'M\ IUOIINC solcus iiiusrle
(Miillcctal..l98S).TIicnifthodrnr<>blaiiiiiigrcllliiifs(SuK:i(-)
and SolD( + )) was dt-scrihcrl fisfwhcre (MaiTlumti el al., 2004).
In brief, after several steps of cloning, a dystrophin-deficit-iit cell
line was obtained, named SolCl(-) . The SoID( + ) cell line was
obtained by transtection of the SolC 1 ( - ) cell line with a retrovi-
rtis encoding for niini-dystrophin (229 kD). .Sol(:i(-) and
SolD(-l-) (.ell lines ("Sol" rell lint-.sin liie following text) maintain
a high abilily to fnse and form myotubes. Ciells were seeded on
gelatin-roated glass cover.siips in pla.sii<.- dishes. Myohlasl.s wi'ie
grown to -^80% confluence in HamF12/DMEM (1:1) medinnt
supplemented with 10% FCS, 1% i,-glutamine. and 1% antibioi-
ics. To induce differentiation, the growth medium was changed lo
a fusion medium (DMEM supplemented witli 2% heat inactivated
horse serum, insnlin [HI ii,g/nil, Sigma-Aldnt h]. 19<: i.-gltitamine.
itnd 1 % antibi()ti<s). Expeiinients weie iKTlonin-d at the stage of
F+4 (4 fl alter addition ol fusion niediutn) tor SolCl(-) and

) tu\<)Uil)es.

Confocai Ca^* Measurement
('.a- aeli\ity was leeortled by ronfocal laser scanning microseopv
using a Bio-Rad Laboratories MRt: 1024 fi;]iiipped with a 15-m\V
Ar/Kr gas laser. Tlie conrocal unit was attathed to an inverted
microscope (Olympus 1X70). Fltioreseente signal collection was
performed liirough the control software I,;tsersharp !1,2 (Bio-Rad
Laboratories). Myotubes were loaded wiih '^ \iM nuo-4 aceioxy-
methyl (AM) ester (Molecular Probes) for 15 min at room tem-
pei-ature (20°C) in a resting sohition (130 niM NaCl, T).4 niM KC;i.
2..1 mM CaCly, 0.8 mM MgC.I,, 10 inM HEPES. atid 5.ti mM
glucose, pH 7.4).

Two types of experiTnerus have Ijeeii peifonned. First. Ca'''
sparks weie identified OTI t\vo-f!imensional images (512 X 512 pix-
els) with a fiOX oil immersion objective (1.4 numerical aperture)
and were acqtiiied in line scan mode (x,t images; 1 line/2 ms.
512 X 512 pixels) taking fluorescence variations along a space
line as a function of time. Second, density of release sites was
obtained by recording sequeii{esof30-50image.s (2."»r) X 2.56 pixels)
with a 20X objective in fast scanning mode. The time resolulion
was .'iOO ms lor each pixel position.



(Siiiiiiii-Aidiicli) w;is incubaieti ai 100 JJLM tor 10
mill lo inliihii K\ R.s. Fin" IP,'? itiliibiiinii studies, inyotubes were in-
nibiued for SO iiiiii in M) \i.\\ '2-APB (t^albiothcm) or f'oi' 20 min
ill ihf pieseiue oIlO |j.M l'7.'i]22 (Si^niii-Aldiicli). Pt:rLus.si,s loxiii
((:;iII>i(Hliciti) was incubated ai 1

Intracellular Calcium Concentration Measurements
Inuaccllular iicc. calcium nieasLiremcnts were performed b}'
means of a ratiometric fluorescence method using an OSPIOO mi-
croscopic phoiomelry system (Olympus) and llie nilciuiii fluores-
cent probe Indo-I. Tlie nilionietric method aud tlie (alibratioii
|)r(Kt'duic havf been published elseubere (drvukiewir/ et al.,
19Sr>; (loguard el al.. 1993). The two emission fliioicscciuf values
of the free and Ca-'^-bound foi ms of Indo-l (at 48") atid 40rJ nm,
respec tively) were separated, filtered, and collected by two photo-
multipliers. The intracellular free calcium concentrations were
calculated from the following equation: |Ca^"]i - Kd X p X
[ ( R - Rmin)/(Rmax - R) ] (Grynkiewic/et al.. 1985). .411 the ex-
periments were performed at room lemprtatnre. Iti brief, cells
were rinsed with standard cxtfiiial soltttion (t?iO mM Na(~.i, 3.4
niM KCI, 2.:i tnM C:at;L. 0.8 tnM MgCl.. 10 mM HKPKS. o.fS mM
tJ-glutose, pH 7.4 with NaOH) and incubated for 45 min at looni
temperatttre in the same solutioti suppletnented with 3 (xM (Hiial
concentration) of the acetoxy-methyl ester fonn of Indo-l (Indo-l/
AM: Sigma-.Aldrich). B-̂ PTA-.VM (Signia-Aldrich) was used at dif-
feretit eoneeutrations: 100 nM. 300 uM, 1 |j.M, :̂  îM, and 10 |JLM.

Image Processing
Ciali iiini iiiuigcs \vi'ieaiialy7ed with two different eompuiet[H()granis
develo|)ed in oui' laboratory tnider IDI, 5.'^ strticttued

Line-scan Image Processing, di-' sparks were analyzed tising the
HAR\'F.LE software (Sebille et al.. 2005), which automatically de-
tects local Ca^* release events on a series of x.t itnagfs. For each
.spai k, five patameteis were detettnined: AF/FO (normalized niax-
imnm ani])litude of fluorescence), rise time (RT) in ms, nVHM
(full wicldi at half maxinuun) in \x.m. FDHM (full duraciou at half
maxinuun) in ms, and fifcjuency in spatks/s. The freqitency pa-
rameter represents here the frequency of the occurring of several
events in each site measured with line scan recording and reveals
the intrinsic kinetics properties of releasing sites. Parameters were
represented as distribution histograms.

Density of Release Sites. Secjueiues of images in fast mode were
atiah/ed wirli a ])rograni allowing us to caktilatc tlie statidat'd de-
viation of the recorded flnorescence in each pixel as a function oJ
titne. Dtiring the acquisition sequence, when sevei a! releases were
obser\ed in the same location, the calculated standard de\iation
of pixels in this location was higher than in areas without calcium
increase. The restilt obtained was an image with discrete spots of
elevated standard deviation (see Results and Fig. 3) on which it
was easv to count the ntmiber of lelease sites in the seqtienee.
From thai process a |)arametei' can be derived that describes the
detisity of release sites in myotubes: the number of events/jim-
(in p.nr*).

Immunoiogical Staining
(.ultnretl cells were stained by an indirect immunofluorescenre
nirihod. Oils were rinsed in TiiS (20 niM Tris base, 154 niM
NaCl. 2 niM K(;TA. 2 niM MgCL, pH 7.5) and fixed with either
4% paraformaldehvde (PFA) in TBS for 20 tnin or tnethanol
(stored at -20°(^) for fi min, at room temperature. Only sam-
ples fixed wilh PFA were perineabili/cd with TBS/0.5% Tritoti
X-100 for 10 min. Calbiocheni supplied the anti-RyR. AJfinity
Bioreagents supplied the anti-IP3R-l (the same was used for
Western blot) and the anti-IP3R-2 epitope affinity-ptnified
polvclonal antibodies (l:2,'>0. FAl-901 and hlOo! PAI-904

lespectively). No commercial anti-lP3R-3 antibotiy was avail-
able for ns to perfotm itnmunolocalization of this isotype. Cells
were incubated with primary antibodies in TB.S/1% BSA (Sigma-
Aldrich) for 1 h. Aftei" washing in TBS. cells were incubaied for
30 mill with the secondaty antiljodv Rhodamitie led-X (RRX)
conjugated goat anti-rabbit (1:200, Jackson immunoRescarch
Laboratories) and/or secondary' antibody FITC-cotijtigated goat
anti-tnouse (1:200, Jackson ImmtmoResearch Laboratories).
Samples were mounted in Vectashield Medimn (Vector Labora-
tories. Inc.) for viewitig with a ronfocal laser scanning micro-
scope using a Bio-Rad Laboratories MR(; 1024. Itnmnnostaining
images were processed (no gamma acljustment) and assembled
in Powerpoint 2000.

Statistical Analysis
All results are expressed as mean ± SEM of » obser\atioiis. ,Sets of
data were compared using Sttident's I test. All statistical tests were
performed tising C-raphPad Prism version 3.0 or 4.0 for Windows
(CtaphPad Software).

R E S U L T S

Morphology of Calcium Release Events in Sol Cells
In prcviotts experimenus, stneral calcium release prop-
erties were revealed in myottibes from the dystrophin-
deficieiit SolCl( - ) cell line and tbe SolD( + ) cell line
{expressing mini-dystrophin). First, fluo-4—loaded
SolCl( —) myotubes exhibited large calcium release
and spontaneously propagating Câ "* waves (Marchand
et al., 2004). Second, we demonstrated that global cal-
cium lise, indticed by tbe perfusion ofa solution con-
taining a high potassiitm concentiation. was higher in
So]Cl( - ) than in SolD( + ) tnyotubes (Balghi et al.,
2006). Finally, in recent observations, boib cell types
ctisplayed spontaneottsly discrete release evetits at resl
wilh \ery different appiirent ;ictivity between the Iwo
cell types. The aim of Llie pt eseiil suidy was to ex;miine
resting release events recorded in SolCl { —) and
SoID( +) myotubes in order to compare tbem in the two
cell types.

After incubation of myotubes witb Iluo4-AM, Ĉ a'-̂  le-
lease events were localized on x,y itnages and were te-
corded in a liue scan mode (x,t images). Tbese events
were analyzed using the HAR\'ELE softwat e developed
in ottr lab (Sehille et al.. 2005) tbat first allows au auto-
mated deiectioti of signals in x,t images aud secoud cal-
culates moipbological parameters of each detected
event. Fig. 1 displays examples of liue-scan tecordiugs
in SolCl ( - ) (Fig. 1 A) aud iti SolD( + ) tnyolubes (Fig.
1 B). Fig. 1 ((- and D) illustrates the software process
for measuring morphological paratneters. For each
selected spark, four motphological parameters were
detertnined: tbe normali/etl diffeteuce between the
fluorescence of tbe peak and tbe backgtouud (AF/FO:
atnplittide), tbe rise time (RT iti ms) (Fig. 1 C), the
FDHM (in ms) and tbe F\VHM (iu |xm) (Fig. 1 D).
Tbese parameters were collected from events recorded
it! SolCl( - ) (733 events) aud SolD( + ) (280 events).
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Figure 1. Kxamples oi' liiic-sciiii
rc(oidiiiirs in Sol(: i(-) (A) and
in S(ill)( \-) (B) flu<)-4-lnadt>d inyo
lulx-s. Space bar (x). Tt jxiii. Time
bar (t). 100 ms. A s<-!<'<tt'd area dur-
ing [he tlclettion is indicated by lhe
while square in A. C and D illustrale
(he sofiuaic process lor mca.siiring
morphokigieai paraiiietcifs ou sv-
ifcted areas. For each selected
event, live paraiiuHers were dclei-
mined: lhe iioinialized dillerfiuc
Ix'twecn the Ihiureseeiice ol the
peak anti lhe background (AF/FO:
amplittide), t!ie rise lime (RT in
ms). the FDHM (in ms). the nVHM
(in (till), and ihf Ireqnenfv.
(C) I'rolile oi one spark in a ihree-
ditnensional represenlation (.shaded
smlaee) indicating rise time
(R'i ) and lUioiesccnce amplitnde.
(D) The white contour represents
lhe hair lnaximum slide on which
IIK> FWIIM and the FDHM {view
Irnm the top) are tneasiired.

and ihcii sorifd lor a rcpirsentalion of histogiam
disiribiition (Fig. 2), Dishiljution.s ol spatk amplittide,
dtiration, and size were iound tinsyininctriral due lo
the inherent property of off-center sampling in line-
scan confocal imaging. Parameters from tlie two popu-
lations of events were then compared with the
nonparametric Mann-\\Tiitney U test. It is also wortli
noting that .small events (witb ampliuide value <().;^)
were deliberately deselected, due to the measurement
errors on these low and noisy signals. Hence, the non-
modal distribution, theoretically demonstrated and
found when all sparks are selected (Clbeng et ai.. 1999),
was not obtained in ottr results. With the statistical test,
cakitnn release event dttration (FDHM) wa.s fotmd
sliglulylotigerinSolCl{-) tban in SolD( + ) {Sol(::i(-):
median = 04.5 ms; SolD(-l-): median= 55.2 m.s; P -
0.009). The spread (F\MiM) vvas also slightly higher in
SolCI(-) than in Soin( + ) (SolCl(-) : median= .S.Sl
(xm; SolD( + ): median = 3.00 ĴLm; P < 0.001). No sig-
nificant diffeiences were found between the two cell
types in amplitude {SolCl {-): tnedian ^ 0.82; SolD( +) :
median = 0.80; not significantly different [ns]), rise
time i)aranKler (SolCl ( - ) : median ^ 44.00 MIS;
SolD( + ): median = 44.10 ms; ns). as well as tbe fifth
measuted parameter, tbe freqtiency (SolCl ( - ) : 1.87
s-'; SoID(-f): 1.83 s"'). Therefore, tliis analysis indi-
cates tbat ('a~' ralcinni release (.•\enl.s (»<curling al re.st

in S ( J 1 C 1 ( - ) displayed similar morphological proper-
tie.s to tho.se in SolD( + ) myotubes.

SolCI(-) Exhibited More Sites of Calcium Release
tban SQID( + )

In onr preliminary experiments, we observed tbat tbe
nttnibet" of sites discharging cak itnu was nioie elevated
in SolCl( - ) than in SolD( + ) myotubes. To qnantily
this difference, time sequence.s of fast confocal images
have been recorded in fluo-4-loaded niyotuljes from
botb cell type.s. Hence, in each sequence, 30-50 fltiores-
cence images with 300-ms time resohition (time be-
tween two fltiorescence acqtiisitions for each pixel
position) were recorded on ibe same microscope field
in inyottibe preparations. As examples. Fig. 3 (A and B)
{li.s[)lays two dilTcrent fast-recorded images extracted
ftom a sequence with spots of fluorescence in two dis-
tinct invottibes (as shown with white arrows). Eacb spot.
corresponding to a localized (akium release event, is
observed in one image of tbe seqttence, and se\eral
events can originaie fioni ilie same kxation in the lield
dtning tbe ac<]ui.sition sequence. Seqtiences ol image.s
in fast niofle were analyzed wiib a ptogram allowing tis
to cak ttlate the .standard deviation of the recordeti fluo-
rescence in ea( ll pixel as a ftnution of time, [fining tbe
a((]tiisition sequence, wben several releases vvere ol>
served in ibe same location, ihe (akulated standard
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Figure 2. t^hanulfriziilioii of ciiltiiini evfnt inoiplinlof^ in myo-
tubes Irotn SolCl(-) iuui SolD( + ). Oistribiilion Histograms of
AF/F,, (A). FOHM (B), RT (C), and FWIIM (D) of ailciiim events
idt'iitifled in SoK:i(-) (gray bars, « = 733) and SolD(+) (black
bars, n = '280) iiiyoiubcs. Katli bin includes the upper value. For
illustniiive purposes, distribulions were filled by Gaussian pro
fiU-s. Median values were takulaied and dilTcrtnces wert- fvalu-
aled wilh llie nonparauielric Maun-Wliiiney V icsi. CoelTitifnl
variaiions for distribulions were as follows: S(tICl(-): AF/F,,,
42%; FDHM, 63%: RT, 52%; FWHM, 31%; ami SolD( + ): AF/F,,,
28%; FDHM. 62%; RT. 49%; F"WHM, 35%.

deviation of pixels in this location was more elevated as
compared with areas without calcium increase. The re-
snlt obtained was an image with discrete spots of ele-
vated standard deviation (Fig. :i C) on which it was easy
to visnally cotint the numher of sites of release in the se-
quence. From that process, a parameter can he derived

that describes the density of ciilcittm release sites in
myotubes (RSD in the following text): the number of
sites/^Ltir' (in ^jLm^). At rest, in physiological condi-
tiotis corresponding to a 5.4 niM extertial potitssiutn
concentration, SolCl( - ) and SolD( + ) myottibes ex-
hibited 1.43 ± 0.17 10 ^ and 0.72 ± 0.12 1 0 ' sites/
tini'-*, respectively. Further experiments have then been
perfot tiled to explore these differences.

Membrane Potential and Density of Release Sites
To undei^itiind a possible tole of tnetnbrane potential In
tbese activities, RSD w;is nie:isured with various extracellu-
lar [K+] solntit)ns, known to tnodify membrane potential
of myotubes. Pet fusion of low extracellular K̂  sohitiotis
(2 mM: hypei polarizing solution) or high K+ s<ilutions
(10 and 20 niM: depolarizing sohtliotis) only weakly modi-
lied the numljer of sites/M-m- in SolCl(-) and St>lD( + )
myotubes. In each case, St)iCI ( - ) exhibited higher values
than SolD( + ) myotnbes (Fig. 4). With the patch clamp
teclnnqne, application of a cunent clamp ptottxol for
meastiring membrane potetitial iti whole cell conligni-a-
tion demotistrated bt>th similar testitig potentials in
St)ICl(-) and S(>ID( + ) atid tonfitined hyperpt>larizing
and depolarizing effects of perfusions (itnpttblished d;ita).
Vaiiations of tnembtane potential had tio significant ef-
fects on RSD in our cellnlar models. Mot eover, no change
in calcium release event frequency has been detected dur-
ing these experiments (unpttblished dat;i).

Effect of Calcium Levels on Resting Calcium Release
Site Density
Ptevious results demonstrated higher resting [Ca^^li in
SolCl( - ) myotubes as compared with SoiD( + ) myo-
ttibes (Marchand et al., 2004), and it is also well known
that calcimn release chantiels are calcium sensitive. To
detenuine if such elevated calcium levels in dystrophin-
deficient cells could explain per se a higher RSD, ex-
petiments with tnodifted resting [Ca-*' J; were conducted.
Myotube preparations were incubated with various con-
centrations of BAPTA-AM (100 nM, 300 nM, 1 ĴLM, 3 \LM,
and 10 ^.M), tnaintaitiing vatiotis calcititu levels by
chelating different amounts of intracellular free Ca^+.
Stibseqttetitly, two sets of experinietiLs were performed
as follows. Fitst, intraceliular free calcium concentra-
tions were determined with a ratiometric fluorescence
tnethod using a tnicroscopic photometry system and the
calcium probe Indo-l. Second, density of release sites
was mexsuted with confocai microscopy and fluo-4.
Both seLs of experitnents wete perfonned iti each
BAPTA-AM incubation cotidition and Fig. 5 depicts
measured RSD as a fimction of [CV ̂  ] ̂  in both SolC^ I ( - )
and SolD( + ) myotubes. Statting ftom the control con-
ditions, incubation witb increased [BAPTA-AM] in botb
myotube types resulted in a decrease of resting [Ca"^ ]̂j
(50 tiM [Ca-^l, with 10 p-M chelator). The density of
calcitun release events, which wiis more elevated in
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Figure 3. Density of reltrase sues in myotuhes Irom SolCl (-) and S(.ID(-h}. Time .sequences of .'5(KW f;Lst confocal images (1 image everr
300 ins) have been recorded tn fliKH-loarled myotubes from both ceil types, (A and B) Iwo different fast-recorded images <-xtracte(l from
a sequence witii spots of fluorescence in two distinct myotubes (as indicated by white arrows), Ea(h spot c<.rrespo.Kls lo a l.xalixed eal< ium
release event. Sequences of images in fast mode were analyzed wilh a program allowing us to calculate the standaid (leviation of the rc'< orrled
fluorescence in each pixel as a lunclion of time. (C:) Image resulting from this analysis. From dial process, the number of sites was counted
and lhe density of calctnm release sites (i.e., tJie number of sites/^im-' {in fim-^f) was dc-lermined for botb Sol myotubes. Bar, !5 jim

SolCl(- ) (squares) than in SolD( + ) (triangJes) in coiv
troJ f ondition.s (arrow.s), was reduced in both cells wlien
fBAl'TA'AM] was increased in rhe inciibalion medium.
It is also worth noting that in both cells, RSD measured
in controls was maintained even when a sigtiificant re-
duction in [Ca-+]^ was observed. For example, in
Sol( ; i ( - ) , the .same RSD value was observed at 80 nM
[Ca'̂ +li and 140 nM [Ca'^Ii (control). At lower concen-
trations, event density was strongly reduced within a
short concentration window (20 nM) and the same low
RSD valne was reached in both cells at low [Ca''̂ ' ]i levels
(50 nM). Neverthele.ss, sigmoid patterns of calcium re-
lease event site extinction were different between the
dystrophin-deficient SolCl( - ) and the niini<lystro-
phin-transfected SolD( + ) cells. Indeed, RSD decreased
at [Ca^+li lower than 85 nM and 95 nM in Sol( : i ( - )
and So!D( + ), respectively, and the half-extinction
[Ca^+]i value was 60 nM and 80 nM for SolC](-) and
SoID( + ), respectively. These results indicated on the
one hand that the amount of myoplasmic free calciutn
had an elfcct on calcium release event activity' in chang-
ing the number of calcium release sites. On the other
hand, because the calcittm-dependent extinctittn pat-
tern (due to an increased LBAPTA]) was different be-
tween SolCl(- ) and SolD( + ) myotubes, the higher
RSD in SolCU^) in physiological conditions could not
be explained by a causal effect of elevated resting [Ca^+] I
alone. Finally, these curves demonstrate a more elevated
Ca^^ sensitivity of calcium release event activity in dys-
trophin-deficient myotubes as compared with myotubes
expressing mini-dystrophin.

The "Release SJte Density" Parameter Was Modified
with the Use of SR Channel Blockers
To determine which types of calcium relea.se channels
are involved in calcium release events signaling in Sol

cells, several Ĉ â + releiise channel inhibitors were ap-
plied in otir preparations and RSD was measured (Fig.
6). To completely inhibit Ca-^ release dnotigh RyRs,
ryanodine was used at 100 |xM (Gordienko and Bolton,
2002), Expostire of S()1D( + ) myoiiibes to ryanodine for
10 min almost abolished the spontaneous calcium RSD
(Fig. B A). The same exposure of SolCl ( - ) myotubes to
ryanodine instead spared a stibstantial density of events.
These results suggest, first, a strong sensitivity of the
density of calcium release events to ryanodine in SoID( + )
myotubes and, second, that a ryanodiiie-insensitive
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Figure 4. Membrane potential and density ol release site. RSD
was measured with various extracelltilar [K+] sohiiions, known to
modify membrane potential in SolCI ( - ) (square.s) and Soin( + )
(triangles) myotubes. Perfusion of low exiracellulai- K' sohilioiis
(2 mM: hyperpolarizing solution) or high K' solutions (!0 ;UKI
20 mM: depolarizing solutiotis) weakly lnodilied the number of
sites/jinr' in SolCl(") and SolD( + ) myotubes. In each case,
.SolCI(-) exhibited higher values than .SolD( + ) myotubes (Fig. 4).
For each point, the number of myotubes analyzed is given near
the sytiibol. Variations of membrane potential had no signilieant
cffeel on RSD in our cellular models.
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Figure 5. Release site deiisilv as a lunctioii of inlracelhilai (iil-
ciurn ((iiueiiiratkMi. The number ol ciiUiuni release sites was de-
teniiineci using cotilnral ini<r()scopy in S()K:i{-) and SolD(-l-)
luvotnbes iTuuhatfd with fliH)-4-AM and diffeteiit c(nifcmrations
of RAPT.VAM. ItitiacellidiU" talciuiii coticeiitratioiis were also de-
tfiniined in S(»l(;i(-) and SolD( + ) tnyotubes. iti the same
B.U'r.\-.\.M conditions using cytofluodmetty technique and the
Ca^ * probe Indo-1. Then, RSD obtained for eaeh BAPTA coneen-
iratinn was reported as a function of the intracellular calcium
conceTitration in SolCl{-) (squares) and .Solfl( + ) (thangles)
niyotubes. For cacb poiiit. the number of myotiibes analyzed is
given near the symbol. liAPTA-,\M coticentrations were 100 nM,
;M)O nM. 1 |i.M, 3 \x.M. and 10 (J-M incubated for '20 min. as illn.v
naied 1)\ a large gray arrowhead on the graph. Data were fitted
using Bolt/mann eqiiaiioii (lilack and gray lines).

componetit of calcium release chantiels could be in-
volved particularly in SolCl {-) myotiibes. We also
tested the etfect of thapsigargin. an inhibitor of the SR
Ca-*-ATPase. on lyanodine-tteated Sol cells. In both
cells, the subsequent increa.se of calcinin, reflecting the
amount of calcium stored in the SR, was sitnilar in
nanodine-lrt-atcd and ttnticated cells {nnpnblished
data), indicating that the main effect of r\anodine
in ottr treatment condition was the blockade of RvR
calcinin channels.

Sttrprisingly, application of IP3 pathway inhibitots also
reduced the RSD vahie in hoth SolCU(-) and SolD( + )
myottihes. Inctibalion with fiO |xM 2-APB, a direct inliilii-
tor of IPS receptors, t ednced RSD in both myottibes, bnt
partictilarly in SolCl(- ) myotubes (88% decrease, Fig.
(i B. white bars). Ati identical level of RSD parameter was
reached with 2-APB application on SolD( + ) myotttbes
(76% decrease, Fig. 6 B, black bars). A similar decrease
was obtained aftei" incnbation with the use ofa PLC in-
hibitor (U73122: 10fiM)inbothSol(:i(-)andSolD(-H)
niyotuhes. Furthermore, combination of ryanodine and
2-APB completely inhibited calcium release events in
both myottibes (unpublished data).

These functional observations raised c|tiestions re-
garding (a) the involvement of IP3 teceptors in the cal-
cintn release events signaling occtu ritig at test and (b)
an overactivation of this IP3 signaling pathway in dystro-
jihin-deficient myotiihes.
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Figure 6. Kffet ts ol i-yano(iine (100 M-M). U73I2'2 (10 [LM). and
2-.\PK (TtOfxM) on densit) of release sites. (A) Effects of treatment
with ryanodine, iiu nbated at IOO jiM for 10 min. on the density of
(altimn release sites in SolCI(-) (white bars) and SolD( + )
(black bars) myotubes. (B) Efiect of treatment with U73\22 (in-
cubated at 10 l̂M for 20 min) or 2-APB (incubated at 50 .̂M for
30 min) on RSD in SolCl(-) (white bars) and SolD( + ) (black
bars). SolCI(-): control, ti - 2;>1: ryanodine. n - 178; 2-,\PB.
n= 195:1173122. n - 213. SolD(-f): control, H - 185. ryanodine.
„ = 193; 2-APB. /( = 189; U73122. » = 177. ns. not signibcantly
diilerent, ***.P< 0,001;**. 0.001 s F < tl.Ol; *. 0.01 ^ P < 0.05
(Student's /test).

Immunolocalization of Involved SR Calcium Channels
Immnnostaining experiments have heen conducted in
order to localize SR calcium channels that coitld be in-
volved in these release activities. As shown previously
(Marchand et al., 2004), RyRs appeared tandomly dis-
tribtited in Sol myotiihes (Fig. 7, A and D) without any
alignment on transversal sarcomerization as in fibers.
The same distrihution of RyRs was observed inSolD( + )
myotubes (Fig. 7 B) and in SolCl(-) myotubes (Fig. 7 A).
Fnrthennote, in the same myotnbes, imtnimostaining
with antihodies against the isotype 2 of IP3R showed
a peripheral and litlly cytoplasmic localization in
SolCl(- ) (Fig. 7C)andinSolD( + ) (Fig. 7 D). As shown
by yellow arrows, it is wortti noting that locations with
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Figure 7. Immtmolocalizabon of RyR.sand lP3Rs ni S<.1CI(-) and SolD( + ) iny<)lubcs. IiiniiunnlabcHngs <)r.SR(a!( iuni rclca.sc ch
inSoi(;i(-) (A-C) and in S<)11)(+) myontbcs (D-F) WCK-obsc-iwd wiih la.sfi sranning ((inlotal microscopy (LSCM). The same random
(listribtitionc.fRyRs (atili-RyR; Calbiochcm) was obsci^cd in SuICI ( - ) myo[ubt;s (A) and in SolD( + ) iityotiibcs (D). In the sainemyo-
tubes, imiminoslaiiiing with antibodies aĵ ainst IP3R-2 was performed in .SolCl ( - ) (B) and in SolD( + ) (K). Yellow arrows. locations cor-
responding to elevated staining for 1P.1R-2 and low staining for RyR. IP3R-1 slaining is localized in the nuclear envelnpe i(j,H<,ii ;IIH1 in
the cytoplasm in SolCl ( - ) (C) and in .Soir>( + ) (F) rnyoliibes. hiset.s, .staining of selected nuclei (dotted sqnarcs) loaded wiih the fluores-
cent TO-FRO-3 probe. II':iR-l and IP:iR-2 Uxalizatioiis were detected using poly< loiiiil antibodies, PAI-9()1 and PAl-t|()1. respedivcly.

elevated staininj^ for IP3R-2 ctjrrespond to area.s with
low staining for RyR in both SolCI(-) (Fig. 7, com pare
B with A) and SolD(-l-) myotnbes (Fig. 7, compare K
with I)). This stiggesLs that in these myotubes in mattira-
tion, RyRs and IPSRs could be situated in diffetent and
spatiallysegregatcd internal mcmbraties. A clear staininjr
of IP3R-1, as shown in primary mouse cultttres (Powell
etal.,2001),was found in SolC:i(-) myotubes (Fig.7F).
The major part of the staining was observed in the
nttclear envelope region (kjcalized arcnmd nttclei
loaded with the fhtorescertt TO-PRO-.S probe) and a tni-
nor part in the myoplasni. In SolD (+) myottibes (Fig. 7 F),
IP:^R-I was also localized in the nuclear envelope region,
but the staitiing was fainter than in .S<>K;i(-). These
qualitative data demonstrate ihat IP3R-I and IP3R-2 are
expressed in SolCl(- ) and SolO( + ) myotubes. Unfor-
tunately, we were not able to localize the tliird isofonn
with lhe available IP3R-3 antibodies.

These immunocytochemistry analyses, cotiibined with
previous results obtained with RT-PCR and Western blot
(Balghi et al., 2006), reveal the pre.sence ofa poientiai
IP3-dependent calcium release system. The above data
indicate the presence of an rP3-tnediated systetn of cal-
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cium release in both SoICl( - ) (lacking dystrophin)
and SolD(-l-) (expres.sing mini-dystrophin) ntyotttbes,
this system playing a role in iiitratclltilar cah itim ho-
meostasis not only during stimulation (Balghi et al.,
2006) btti also continuottsly ai test.

D I S C U S S I O N

We performed experiments in thi.s sttidy on two types
(i[ myotubes originating from the same Sol8 cell line
(Marchand et al., 2001): (1) dysirophin-detirient myo-
ttibes, SoICl(-) and (2) myotubes transfected to ex-
pre.ss the BMD mini-dystrophin, SolD(-f). When
tniiii-dysirophiti was restored, it was observed that, liist,
the membets of the DAPs complex were teaddressed
and, second, intracellular C;â '+ levels were found simi-
lar to those observed in tnyottihes from mouse pi imary
cell culture (Marchaiid et al., 2004). This model allows
the physiological exploration of two celhilar systems
with the only difference being the presence (or tiot) ol
tnini-dystrophin.

We have demonsttated that signaling of resting
release events was difleient in dystrophin-deficient



Sol(M( —) and in SoID( + ) myottihes. Ihr niinihcr of
sites discharging takiiun, qnantilied with the RSD pa-
rameter was more elevated itiSolOl ( —) than in SolD( + )
myotiihes. Variations of membrane potential had no
signilicant effect on RSI) and dilierences iti resting
[C:a-"]i alone (Marchand et al., 2()()'4) cannot explain
higher RSD in .SolC:i(-) rnvotnhes. Blockade of IP3
path\\a\ sigiiiHcitiitK ledticed RSD in both cell types
hnt witli a stronger effect in dystrophin-deficient
Sol(] l(-) mvottthes. lmimttioc\tochetnisny allowed ns
lo localize RyR.s as well as IP:̂ R-1 and IP?.R-2 isoforms,
indicating the presence of both RyR-depenclent and
IP3-dependetn release systems in the Sol cells. We previ-
ously reported e\idetice for the enhancement <̂f the
IV?) mediated (alcittni signaling pathway in SolC>l (—) as
compared with SolD( + ) mvottibes (Balghi et al.. 20(H)),
We demonstrated thai, with a high k-stiintilation, an
IP3-depetidetit slow telease. depending on the regtila-
tioti ofa (ii [jiotein, was increased in the SOK:1( —) as
compared with the SolD( + ) myotubes. Here we slu)vv
ihat, at lest. these regulation mechanisms are also in-
\'ol\ecl in the modtilation ol calcinin release activities.
I he enhancement of RSD could then jihty a significant
role in the calcitim overload obsei\ed in dystrophin
dehcieiu nnotnbes.

Quantification and Modulation of Calcium Release
Event Activity
Most of llie experiments presented here were motivated
hy the observation, at rest, of nntneious release events
in ntto-4-!oaded SolCl ( - ) myottthes. Moreover, ttuder
the same conditions, spark-like events were very rare in
l)oth SolD( + ) and primai^ cnlture myotnbes {nnptil>
lished data). This difference was tnore easily obsei^ed
ill recotding fast x-y images with a 20X objective. This
kind of recording contains 30-50 images with 300-ms
time resolution (titne between two fltiorescence acqtiisi-
tions for each pixel position, i.e., for eacli location in
mvotiibes). We observed that stich experiments allowed
tis to capture events frotii all sites of release hecause of
the long overall time of recording (10-15 s), bttt all the
e\eiits frotn sites may not be captuted. Indeed, one
e\ent with duration of several tens ofniilliseconds may
occur during a 300-ins gap between two images, making
it nonrecordable. To quantify the observed dilference.
A tool for image anal}sis. based on standard desiation
meastirements, has been developed in the lahoratoiy to
(Otint tbe number of calcium release sites (RSD). Tbis
analysis, associated with complementary morphological
sttidies. provided a complete over\iew of the properties
of spontaneous release eveuLs in Sol myottibes.

Pre\ioiis studies in smooth mtiscle showed that changes
in membrane potential modtilate both fteqtiency and
amplitude of Ca-' release events (Jaggar et al., 1998,
2000; Clheranov and Jaggar, 2002). In the present re-
|)ort. exjjosuie of nnotttbes to \aiiotis exttacelhilar K'

concentrations had no strong effect on the RSD. Fur-
thermore, application of the l.-type channel inhibitor,
nifedipine, had no significant effect on the RSD param-
eter in Sol cells (unpublished data). Taken together,
tbese results are in agteement with experiments from
Shirokova et al. (1998) showing that in voltage control
conchtions, locations of spontaneoits release were not
sensitive to depolarization puLses in myotiihes from pri-
mary cnlture. Hence, in Sol cell hnes as well as in devel-
oping myotubes, SR (alcium release channels involved
in spotUaneotis evenis may not be sensitive to changes
in nieinbrane potential, suggesting uncoupling with
DIIPRs. Furtht rmore, whatever the imposed potential,
RSD values obtained in SolD( + ) never reached those in
Sol ( : i ( - ) . This result suggests that control of calcium
release event activities, in So! cell lines, is clearly dissoci-
ated from electiical properties of the tnemhrane.

Resting free calcitim concentration in cells lacking
dyslrophin was shown higher than in normal cells in
mdx motise fibers (Ttirner et al., 19H8), in muscle hiop-
sies from DMD patients (Imbert et al., 1995) and in
Sol( ; i ( - ) myoluhes (Marrhand et al., 2004). Because
<jf the known property of niyoplasinic calcitmi ions to
indtiee openingofSR calcium channels, RyRs (<>)nklin
et al., 2000) and IP3Rs (Tovey et al., 2001), these data
raised the (jtiestion that the high calcium release event
activity observed in SolCl ( — ) myotubes could be due to
the high fCa'-'l;. Conihined measnrc-menLs of calcium
le\els and RSD were pei formed on BAl^TA-loaded prep-
atalions (Fig. 5). These experiments allowed us to dis-
play the density of events as a function of [Ca'-^'];. As
expected, at low concentrations of myoplasmic free cal-
citim, RSD was reduced. This reduction could be due to
(a) redttced calcitim concentration inside stores, (h)
catcinm channel inactivation, or (c) a reduction of tbe
calcinm-induced calcitim release (CICR) mechanism,
flowever, with increasing calcium, RSD increased tip to
a plateau and the levels reached at the plateau were sig-
nificantly different between SolCl ( - ) and SolD(-l-).
Fttrtherniore, signioid patterns of RSD extinction were
different hetween the dystniplun-deficient SolCl ( — )
and the mini-dystrophiu tiansfected SolD( + ) cells. It is
also worth noting that incubation with BAPTA-AM will
not only reduce iutracelltilar calcium concentration but
will also add in the myoplasm a calcitim cbelator with
high affinity, the BAPTA. The presence ofthis artificial
bnffering component will conseqtiently reduce Ca^^ in-
crease dtiriiig (he release from the SR, modifying cal-
citnn channel gating properties and calcinm-dependent
inactivation effect. Cotisequences (jf these changes
cotild then be the itihibition t)f CICRaticI the modifica-
tion of a mechanism at the origin of spontaneous re-
lease evenis. Ne\ertheless, if tbe active buffering role of
BAPTA tnay play in the redtiction of the "RSD" parame-
tet\ this reduction effect is related to calcium sensitivity
of release channels. Hence, differences observed
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between SolCl ( - ) and SoID(-F) reflected modifica-
tions of the intrinsic properties of release channels
when mini-dystrophin is expres.sed (SolD(-l-)) as com-
pared with when dystrophin is ahseiit (SolCl ( —)).

Moiphomelnc analysis of cak ittm release events (Fig. 6)
showed that the amplitude of spontaneotts release
from So]Cl(-) and SolD( + ) myotubes was not signifi-
cantly diffeient (0.82 and 0.80, respectively), indicating
similar levels of Ca-* stored in the SR in SolCl( - ) and
in SolD( + ). Hence, differences in RSD observed be-
tween SolCl ( - ) and SolD(-l-) myotubes mav not be
due to different levels of stored calcitim btit to changes
in tbe mechanism at the initiation of release activities or
to a reduced CI(M<.

Calcium Channels Involved in Release Activities
in Sol Myotubes
Isotypes I and III of the RyR family are known to con-
tribute to elementaty calcium release events at rest in
skeletal mtiscle cells (Sbiroko\a el al., 1998; Rios et al.,
2001). In our experiments, the tise of ryanodine at high
concentrations significautlv redtued RSD in Sol myo-
tubes. This reduction conId be either attrlhtited to a
blockade of release throtigh most RyRs or to calcitim
store depletion alter partial opening of these caicitim
channels. With tbapsigargin exposnre, increased cal-
cium, reflecting the amount of calcitim stored in the
SR. was similar in lyauodine-treated and untreated cells
(unpuhlished daUi). This result indicates that in ihese
conditions, the main effect of ryanodine (100 |i.M for
10 min) was the inhibition of RvR calcitim chaunels.
Witb lyanodine application, the reduction of RSI^ w;is dif-
ferent in SolCl ( - ) and SolD(-F). Indeed, rare calcitim
release events were found in SolD( + ) preparations,
whereas a significant calcitim release event activity was
still ohserved in SolCl ( - ) myotuhes. These resuUs
stiggest the presence of a calcitmi telease mechanism,
at rest, insensitive to lyanodine. which is more apparent
in SolCl ( - ) .

It has been clearly demonstrated in many cells that
stimtili operate throtigh phospholipase C to generate
IP.S ihat indtices Ca'-" release fVom internal store
(Berridge, 1993). In smooth muscle cells, Ca^^ pttffs
evoked by activation of cltisters of IP3Rs have heen pie-
.sented (Boittin et al., 2000), btit in skeletal mtiscle cells, the
role of IP3 pathway in resting calcium signaling is still
poorly documented. Several stndies from |aimo\ich s
grotip, bowevet, have shown thai lP3Rs are imohed in
cakittm signaling in developing skeletal nniscle cells
(Jaitnovich et ai., 20(H); Powell et a!., 2003). In otir ex-
periments, tbe two IP3 pathway inliJbiiors, 2-APB and
U73122, significantly reduced RSD in botb cell tyjies.
This obsenation stiggests that IP3Rs pai tit ipate iu cal-
cium release events OK tirriug al rest in Sol celis. With
application of 2-APB, a direct inhihitor of IP.SR calcittm
channels, the stronger rednetion of RSD was obsei\ed

iu SolCl ( - ) myotnbes (88% decrease as compared witb
7(3% in SolD(+)). These restilts suggest that the IP3R-
related component of release activity is elevated when
dyslrophiti is absent (SolCl ( - ) ) and reduced when
mini-dysirophin is expressed (SolD(-l-)). When this
component is inhibited, boih tell types displayed the
same release event acti\ity. fhese dala enlighten the im-
portance of the IP3 signaling pathwa\ in resting calcium
signaling and liomeostasis, partictilarly in dystrophin-
deficient skeletal mtiscle cells.

Cross-talk betv /̂een RyRs and IP3Rs?
Ptevioits studies demonstraied that C â-'' sparks origi-
nating from the opetiitig of RyR.s in skeletal muscle dis-
played a duration (Ff)HM) of '--'30 ms (Shirokova et al.,
1999). Ca-"" ptiffs initiated by IP3Rs in Xnin/nis oocyte
and in rat nreteric tnyocytes exhibited release events
with dtiration between 200 and 250 ms (Berridge, 1997;
Boittin et al., 2000). It has also heen shown, in smooth
muscle cells, that stimulation of the IP3 pathway in-
creased the dttration of spontaneous release eseiits
(Zhang etal., 2003). In our experiments, duration (me-
dian) of release events was 64.5 ms and 55.2 ms in
SoICl ( - ) and SolD(-l-) myotttbes, respectively. Further-
more, ntimeiotis calcitim events with duration >100 ms
have been recorded in hoth myotuhes, suggesting pat-
tems of release similar to the pattem of C:a-+ puffs. Pre-
vious studies hypothesized, in smooth muscle cells, a
possible interaction between RyRs and IP3Rs and that
Ca-+ telease events could originate from a "cross-talk"
between these cbannels (Gordienko and Bolton, 2002;
Zbang et al., 2003). Thtis, one can posltilate that RyRs
and IP3Rs might hoth participate in the initiation and
propagation of resting events, leading to a inixttire of
sparks and puffs. Different contribution levels of these
two chainu-ls cotild explain diffeietices in RSD between
SolCl(- ) andSolD( + ) nnottibe.s,

Dystrophin Deficiency and Calcium Signaling in Resting Cells
Three tnain resttlts are of parlictilar interesi in this
work. First, this sttidy indit ates a possible role, at rest, of
loca! Ca-'"" release from the SR in Ca-+ mishandling iu
dystrophin-deficient cells. Second, it strongly supports
the hvpothesis of a deregulation oi Câ '̂  release in a
dystrophin-deHcient cell line, which is attenuated by ex-
pression of mini-dystrophin. Finally, it establishes evi-
dence for a significant role of IP3Rs in spoiitaneous
Ca-' release events in d\stro|jliiii-deficieni tells. Because
tbese spontaneotis events are known tt) contribute tt)
the restitig level of caltitiui (Berridge, 1997), these
events could be in\ol\i'd in increased resting free
takium, whicb leads to cell death. Hence, these results
combined witb ottr ptevit)tis work (Balghi el al., 200())
prt)\ide evideiue ft)i ihe regulatit)u b\ miiii-dystrt)plun
of an IP3 pathway, which is t)\ eraetivated in dystrophin-
deficieut cells. Fxpicssit)ii of this prt)tein, wiiitb is a

228 Calcium Release Events in Dystrophin-deficient Cells



caiuiidatc for gene therapy, contributes bolh during
stiniiikitioii and in restiiig condition to a more con-
trolled calcium }iomet)stasis.
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