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Summary ages of twenty and thirfyThe genetic origin of DMD has
N been known for almost wvdecades. Thgene is located at

1. Mechanosensite (MS) channels arexgressed the xp21 locus and is subject to ariety of mutations,
alundantly in skeletal muscle at all stages ofetipment.  jycluding point mutations, rearrangements, insertions, and
In recordings from membrane patches, MS channels &jgjetion The gene is lae, taking up about 0.1% of the
constitutVe!y active fet the resting potential.. The channelsgptire genome and spans X30° base pairs.Dystrophin,
are selectie for cations and he a kge single-channel e product of the gene, is normallypeessed at its highest
conductance [R5 pS in plsiological saline) and a high |eygls in skeletal muscle and is absent or greatly reduced in
Cat* permeability (R/P, =7). boys afflicted with the diseas¢. Despite major acances

2. MS channel activity recorded from the surface of, ynderstanding the molecular basis of DMD, it is still not
myotubes from dystrophiendx mice was substantially jeqr exactly he an @sence of dystrophin in sletal
greater than the autty recorded from wild-type myotubes. y,scle leads to progressinuscle death.
Increased channel activity in the mutant results from the  Geperal ideas concerning the function of dystrophin
induction in a sub-population of channels of ¥8/MS  emeged by considering its structural features as deduced
gaing mode characterized by dramatically prolongegom amino acid sequence, its cellular localization, and its
channel openings and inagtiion in response to membranesggociation with other proteinsDystrophin is a lage
stretch. ~ submembrane ytosleletal protein of 427 kDa that is a

3. Membrane stretch or a strong depolarizatiopyemper of theB-spectrinéi-actinin family® Dystrophin is
causes an irversible switch to the stretch-inagited  orgaized into four functionally distinct regions: an N-
gaing mode inmdxmyotubes. Astretch-induced shift in {erminal actin-binding domain, a central rod domain
MS channel gating mode may contribute to stretch-induce@ntaining 24 repeating units similar to the triple helical
elevations in [C&"]; during the early stages of diseasgepeats of spectrin, a cysteine-rich domain, and a C-
pathogenesis. . terminal domain. In normal muscle, dystrophin is held

4. Abnormalities of MS channel befiar are also ighiy to the sarcolemma by a glycoprotein comple
detected in recordings from patches on flexor d|g|toru%mposed of six sarcoglycans, (B, &, €, y and Q),
brevis fibres acutely isolated fromndx mice. MSchannel dystroglycan ¢ and B), syntrophin and dystrobyia.612
opening probability is highf—:‘r inmdx fibres at all Tpe glycoprotein comple binds to laminin in the
developmental stagesIn addition, channel numbers aregyracellular basement membrane so that the entire cample
persistently elested during postnatal delopment, &iling  jinks the atracellular matrix to the intracellular actin
t_o undergo a normal process ofwderegulation during the cytoskeletort® In skeletal muscle, the dystrophin-
first three postnatal weeks. _ _ glycoprotein compbe is localized to costamer¥ss

5. Two distinct mechanisms may contribute tOyangerse, rib-lile gructures that eerlie Z lines, that are
elevations of [C&"]; in dystrophin-deficient skeletal muscle:ihought to transmit mechanical forces from contracting
a membrane stress-dependent switch of MS channels intodg.comeres to the sade membrane andxteacellular
a prolonged opening mode; and a loss oféllgpmental  matix16 The submembrane latticedikgructure of the
down-rggulation leading to persistent MS channelysirophin-glycoprotein compte has suggested that it
expression during postnatal musclezelepment. somehev provides structural support to the muscle
membrane.

A generally held vier is that dystrophin plays a

Duchenne muscular dystroph (DMD) is a structural or mechanical role by supporting and distirig
devastating and tragic genetic diseas&@he disease is the stresses that wigop within the membrane during
relatively common, occurring in about one in 3500 malgnuscle contraction, thereby peating membrane
births. Aflicted boys go on to daelop progressie damagé’1® The structural ¥pothesis fit with early
muscular weakness and are generally unableatk lay the obsenations of Mokri and Eng#l and other¥-?? who
time theg are 10 years old. Muscle contractures anghaved that muscle fibres from boys with DMD had
skeletal atropl cause progresge deformity and patients microscopic lesions near their sageé. The lesions
generally die from cardiac or respiratory failure between thccurred in pre-necrotic fibres andvatved surprisingly
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large focal breaks in the plasma membraRetients with of MS channels as an important pathway mediating stress-
DMD showv increased serum Mels of soluble muscle induced C&' entry into dystrophin-deficient musttesee
enzymes and gwath factors, indicating that proteins leakalso Allen, this volume).

from damaged muscle at an early stage of dis@&ée.

Many subsequent studies Y& $own that dystrophin-

deficient muscle sustains more contraction-induced damag wild type fibers

than normal musclé182529gnd is also more sensii 0 =0 mm Hg
damage by ypo-osmotic solutiond} consistent with the

idea that dystrophin helps maintain membrane gritte - -5 mm Hg
during periods of mechanical stress. _WW ! W FT

While it is clear that dystrophin plays some | T—
mechanical role in skeletal muscle, an increased VWWWWW
susceptibility to injury does not entirel)kpain the early __IZPA
pathogenesis of the disease. There are quites nftances A

that do not fit the simple wie For example, histological
examination indicates that membrane damage does not leg *

inexorably to fibre death, partly because dystrophin- i
deficient muscle, li& normal muscle, possesses a rather m'”“ mn | 'I" ' ""W'Im

110 mM-BaCl,

robust ability to repair efficiently disruptions in membrane
integrity223931 |n muscle frommdx mice, where masge WWP’PWWWMWWW »
fibre regeneration follows an early phase of muscle

necrosis, regenerated fibres are surprisingly resistant t . .weee, 2 —— «
necrosis, despite the fact yhencur injury throughout the _m } & i l ,."m
life of the animaP? These observations suggest that while ~——— O — D <
an absence of dystrophin renderslstal muscle somehat ﬂu:gl" I,i.l-"

more susceptible to membrane damage, there are likely t ,E::' - =

be important earlyvents that precede membrane damage. " "

Intracellular Ca 2*: a pathogenic signal coupled to
membrane stress

. Figure 1. MS channels in skeletal muscle. Top panel.
It has been knen for some time that an early processgyegactivated ion bannel in an acutely isolated FDB

in the pathogenesis of DMD leads to disturbances k) o (From Franco-Obegdn & Lansman, 19947 Bottom
intracellular calcium ion [C?éi]i homeostasis. The earliest .4 A Single-hannel curents carried by C¥ (top) or

histopathological abnormalities in dystrophin-deficieng 2+ (bottom). Theholding potential was -60 mVThe
muscle include dilation of the sarcoplasmic reticulum (S@atdq dectrode contained either 110 mM Ca@r BaCl,

and disoganization of myofibrils®2-% Both of these g Tpe single-hannel curent-voltaye elation. Flled sym-

abnormalities are characteristic of skeletal muscle subjeciggg ecodings fom cultured myotubes; open symbols
to C&* overload333* Early evidence showing an e#ted ’ i ’

" : .. recordings from myoblasts.Different symbols apresent
total C&* content of dystrophic muscle supported the 'defécordings from diferent patches. The conductance was
that C&* overload contriluted to the disease proc&s¥ It

~13.1+ 1 pS ad current ewersed at +226 mV S.D., n=8)
was wnclear howeve, whether altered [Czél]i homeostasis it ca* the conductance was P4 pS ad curent
occurred early as a primary pathogenieng or later in the o arsed ét +1%8 mV 6.D., n=7) with B&. (Adapted

disease as a result of membrane damage and non-spegifif, rafs 44 47)

ion leakage.
There hse been numerous studies of [Ch _ _
homeostasis in dystrophic muscle which véiateen Single-channel recording methodsvéaeen used to

reviaved in detaif® Notably some irvestigators hae rot gan insight into the mechanisms underlying abnormal MS
been able to detect elted [C&'] levels in dystrophin- channel function in  dystrophin-deficient —edétal
deficient muscle raising questions as to the role otJda  muscle?**” An advantage of this approach is that changes
disease pathogenesi©n the other hand, there is strongn MS channel behéor can be detected in spatially
evidence that [Cﬁ]i becomes elsted in dystrophin- restricted regions of membrane with high temporal
deficient muscle that is subjected to some form desolution. Figurel (top panel) shes an example of MS
mechanical stress, such as repeated cycles of contractiofle@nnel actity recorded from a patch on an acutely
exposure to fpo-osmotic bathing solutiorf§*® The isolated skeletal muscle fibr€hannel activity is hav in the
elevations of [C&*], produced by mechanical stress may nobsence of stimulatiorubis increased by applying suction
result directly from membrane damage, but ratberearly  tO the electrode in a manner characteristic of stretch-
and specific changes in membrane’-J’qurmeabthy In actvated MS channels. MS channels alswegiise to
this regard, recent evidence has pointed to the contidn ~ Spontaneous channel adty in the absence of a pressure
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Figure 2. Appearance of MS channels with long open timesin muscle from mdx mice. Left: The single-channel activ-

ity recoded from cell-attached pdtes on cultured myotubes from either normal C57 (topndx (bottom) mice The

patch dectrode contained 110 mM BagClIThe holding potential was -60 mRecoidings from membrane patches imix
myotubes showed two types of activity: low open probability openings€lt)dikseen in patches on wild-type celnd

high open probability openings (c)'he ecods of single-channel activity arsequential and epresent10 seconds of a
continuous ecording Sngle-channel ecods wee fitered at 1 kHz and sampled at 5 kHzight: Histogram of MS han-

nel open probabilitiesecoided from patches omdx (filled bars, n=30) or wild-type (open bars, n=51) myotub&se

graph shows the fraction of patches in whahannel open probability was the value given on the x-awis.@lculated

open probability by ingrating the single-channel current and dividing by the number of channels multiplied by the single
channel curent. Inseshows an expansion of the first bin of the probability histogram. (Adapted frot.)ef

stimulus as shown in the bottom panel of figure IMS channels in skeletal musclevkaa elatively high
Spontaneous MS channel activity appears as brief pulsespefmeability to C&. The high C&' permeability ensures a
inward current at constant getive membrane potential substantial CH flux through MS channels at gaive
near the resting potentialThe records in the figure were membrane potentials.

obtained with the patch electrode containing either # Ca N o ]

or B&*-containing solution. Plots of the single-channeftPnormalities of MS channel opening in dystrophin-
current-wltage relation in the presence of either 110 meficient muscle

Ca&*or 110 mM B&* in the patch electrode \gi wnitary
conduptances dﬂs and 24 pS, respeadly. The rev_ersgl form of single-channel activity at gdive membrane
potential of the single-channel curremttage relation in

potentials which arises from a class of persistently open
th? tpresence og_lfa(JEZC?ng:V)K\iva; u;ed t(r)]_cr?lculatmez? thegiretch-inactiated channet547.48 Figure 2 (left panel)
relatve permeability o 0 K* (PcdPy) which wasLT. shavs an example of the spontaneous activity recorded

Recordings frommdx myotubes reealed a nwel
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from wild-type (figure 2, left, a) andhdx (figure 2, left fibres from 63 day old mice, but in onl2% of patches
panel b&c) myotubes.Recordings from membrane patchegrom wild-type mice of the same agekvidently MS
on wild-type myotubes showed briefudsts of invard channels irmdxfibres il to undergo a normal process of
current that lasted20-40 ms that were produced bychannel dwn-regulation and this leads to persistent
conventional stretch-acteted MS channels.By contrast, channel expression during postnatal muscleldpment.
recordings frommdx myotubes showed twv types of The autosomadly mutation in mice results in loss of
spontaneous asfty: one similar to wild-type myotubes the laminina2 chain, a component of muscle basement
and a second in which channel openings were greattyembrane that is an extracellular ligand of the dystrophin-
prolonged, lasting seconds rather than millisecondglycoprotein compbe3°0 Mice with the dy mutation
Channels with a prolonged open time alsowsttba neel possess normal amounts of dystrophin, but Zﬂ;a's
MS gating mechanism in which membrane stretch causetevated in skeletal muscle and animals whextensve
channel inactiation*>4748 The right panel in figure 2 myonecrosis and sere muscular dystrogtpl52
shavs the data from manexperiments. Irthe top part of Surprisingly skeletal muscle fromdy mice shavs very little
the figure, the frequegchistogram shavs the number of membrane damage as detected by the eptak
stretch-actiated and stretch-inastited channels in each extracellular tracer dye¥ The dy mouse provides an
patch. Inthe bottom part of the figure, the frequgnc opportunity to test whether abnormalities of MS channel
histogram shows the distribution of channel openinfunction might be produced secondarily as a result of
probabilities. Inmdx myotubes,[20% of patches sko abnormal [C%l*]i or some other aspect of the dystrophic
stretch-inactiated channels with open probabilities ofprocess. Figur8 (top panel, b) shes that MS channel
40-90%. Theexpression of stretch-inagtited channels in open probability indy myotubes is substantially smaller
mdx muscle occurs, apparentla the expense of the than inmdxand, surprisinglysomewnhat less than wild-type
conventional stretch-acteted channels, since stretch-(details in figure Igend). This finding suggests that
activated channel numbers are reducednitix muscle. elevated MS channel activity is Iy an early pathogenic
Several features of the stretch-inagied channels imdx event associated with dystrophin-deficignclt will be
muscle indicate that tlrearise from pre-gisting stretch- important to determine whether membrane damage is a
activated channels that i@ svitched irreversibly into a cause or consequence offCantry through MS channels.
novel gating mode'® Increased MS channel adty has been confirmed in

Experiments examining the befia of MS channels patch recordings frormdxmuscle inother laboratorie&*>°
in myoblasts and myotubes as well as acutely isolatédnormalities of MS channels Y& dso been detected in
flexor digitorum brevis (FDB) fibres from wild-type andrecordings from muscle cells obtained from muscle biopsy
mdx mice are summarized in figure Ihe conductance of patients with DMDP®5” In addition, increased MS
properties of MS channels in muscle cells grown in cultutghannel actity has been documented in muscle from
were indistinguishable from those in intact fibres acutelyarcoglycan-deficient hamstéfsThe sarcoglycan-deficient
isolated from the animdl. There were no diérences in hamster has a deletion in tlesarcoglycan gene which
the activity of MS channels in myoblasts from animals afesults in reduced dystrophin expression, loss of other
different genotypes, as would be expected since dystroplsarcoglycans, and an increased membrane?* Ca
is not expressed in wild-type cells at this earlypermeability.5%% Available data, thus, point to MS
developmental stageThere is evidence that FDB fibres arechannels as an important, if not primary pakwfor
spared from the necrosis that is characteristic of thpathological C& entry into dystrophin-deficient muscle at
dystrophic process in dystrophin-deficient muélény early stages of the disease process.
abnormality in MS channel function imdx FDB fibres, ) o )
therefore, would reflect the primary absence of dystrophift, Strétch-induced switch in MS channel gating mode: a
rather than subsequent muscle cell damad& channel possible link between membrane stress and €ainflux
activity in FDB fibres frommdx mice was [I75% greater
than in wild-type fibres.Figure 3 (top panel, ¢) shows a
box plot analysis of the distribution of MS channel ope
probabilities. InFDB fibres, the median value was highe
and the distribution fell tward higher values.

Figure 3 (bottom graph) shows an analysis of M
channels in FDB fibres from mice of different ag&pen

In recordings from mdx myotubes, there is a
opulation of MS channels with a prolonged open time and
tretch-inactiated ting. Seeral pieces of wdence

rsuggested that stretch-inaeted cating represents a we
S channel gating modeStretch-actiated and stretch-
activated channels & identical conductance properties.

babilities inmdx fib ter than in wild-t The number of stretch-inaetted channels in membrane
probabililies Inmaxtibres were greater than in wid- ypepatches omdxmuscle cells is also increased at thpense

fibres at all ages studied (data notwhp Estimate®f MS of SA channels. In somexgeriments, morea, it was
channel density from the number of channels in a pat?) ssible to obseeva drect a transitién from :';1 stretch-
shaved a striking age-dependent difference in MS channg tivated to stretch-inactited MS @ting mode®® This

expression irmdxcompared with wild-type fibres. In wild- behai id | to th b thol f
type fibres, the density of MS channels decreased with aggsgé%;igrggﬁgznf r%issclg © membrane pathology ©

In mdx fibres, hevever, the age-dependent reduction of
channel numbers was tpaly suppressed-or example, MS
channels were detected i25% of patches irmdx FDB
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% 50 leads to an irreversible increase in channel open probabil-
Ei‘é ity. A. Channel open probability (N\pmeasued in con-
° secutive 300ms sweeps. Thesbmdicate the time during
which the indicated pessue gimulus was applied to the
patch dectrode. B. Repesentative current ecords
0 . A . obtained during the experiment. Np 0.04 at the bgin-
910 16-17 2425 63 ning of the gperiment, 0.20 after applying - 5mm Hg of
ageldays suction, 0.15 after subsequentilaasing the @ssue gim-

ulus, 0.01 after application of a second suction stimulus of -
. S ) 15mm Hg and 0.10 after eleasing the mssue gimulus.
Figure 3. MS channel activity in normal and dystrophic  (From, Franco-Obegon & Lansman, 200%)
muscle. Top: Open pobability of MS channels in

myoblasts (A), myotubes (B), and FDB fibres (C) from wild-

type, mdx, and dy mice The distribution of resting open Figure 4 shows anxample of a stretch-induced
probabilities (Np) is shown in the form of a box ploffhe ~ transition in MS channelaging mode. Figure 4A shows a
line in the center of the box gives the median vakdle Plot of channel open probability for conseuvatisveeps
the outer magins of the box enclose 50% of the observa@sting 1.3 seconds for the entire experiméA0(minutes).
tions. Theoutlying points epresent the thee highest values The plot of open probability versus time during the
and the single lowest value in &aget of data. The mean &Xeriment shass that the response of an MS channel to a
(+S.E.M.) operprobabilities wee: 0.24+ 0.06 (wild-type Pressure stimulus can change versibly. This is seen
open boxes; n=18), 0.30 0.09 (ndx filled boxes; n=16), more clearly in the records in Figure 4BAS channel
and 0.28+ 0.13 @y/dy, hatched box; n=15) for ecordings activity was lov immediately after forming a sedB,(first
from myoblasts; 0.2% 0.07 (wild-type; n=24), 0.72 0.21 Pair, 0 mmHg). Applying a siction stimulus increased
(mdx; n=29), and 0.17 0.04 @y/dy; n=44) for recordings channel opening as expected for a channekstipstretch-
from myotubes; and 0.045 0.02 (wild-type; n=35) and actvated gating B, second pair-5 mmHg). After releasing
0.075+ 0.02 dx n=39) for recodings from acutely iso- the suctionB, third paif 0 mmHg), havever, channel open
lated single fibes. (Adaptedrom ef. 47.) Bottom: Persis-  Probability remained high. When suction was applied a
tent epression of MS lannels in FDB fibres &m mdx Second timeR, fourth pair -15 mmHg), channel aeity
mice during postnatal selopment. Fequency histgram ~Was inhibited. Releasingthe pressure caused channel
showing the fraction of pates on wild-type (open be)r actiity to return to high leel showing the channel has
and mdx (filled bars) fibres with functionalh@annels. The entered a stretch-inacited gating mode. Evidently,
number of channels in a patevas estimated from the num-Membrane stretch has dveffects on MS channel agity:

ber of superimposed openingt very positive potentials the first irvolves a stretch-induced increase in channel open

opening probability is high. (Adapted from.ré6.) probability; the second, an imgsible effect of stretch in
which the MS gting process becomes modified to produce

stretch-inactiated ting. This type of switch in MS
channel gating mode has been obsdrio occur more
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slowly during a prolonged recording in the absence afonformational staté® In reconstituted systems, changes in
stimulation or rapidly in response to strong pwsiti MS channel gating that occur when membranes are formed

displacements of the patch potentfl. from phospholipids with different acyl chain lengths are
_ ) generally consistent with aytirophobic mismatch model
Discussion and similar to the behavior described Hére.

To summarize, the shift in MS channehtgng mode  \plecular identity of the skeletal muscle MS channel
has four characteristicsFirst, the shift in gating mode

occurs in only a sub-population of channels rimdx The molecular identity of MS channels inegital
myotubes; other MS channels, apparentigtain their muscle is not known but eeral obserations in the
normal gating mechanism following stretch. None of théterature proide clues. Ca&*-permeable channels in
MS channels inmdx FDB fibres shwed a gating mode eukaryotic cells are encoded by genes of the TRy
switch. Secondthe switch in MS channel gating modeMammalian TRP channels are encoded by at least 28
generally occurred abruptly and weesibly, dthough a channel subunit genes that fall into three gesmilfes:
gradual change in gating could be detected on occasi@RPC (1-7), TRPV (1-5), and TRPM. TRP channels are
Third, the switch alays involved a transition from avo weakly \ltage-sensitie and generally nonselegg with
resting open probabilifystretch-actvated mode to a high P_ /P, < [L0. Seeral TRP channels in skeletal muscle are
resting open probabilitystretch-inactvated mode. Fourth,  likely to contribute to G4 entry at ngaive membrane
the switch alvays involved all of the channels in the patch.potentials. Incardiac and skeletal muscle framdx mice,
This latter finding suggested there is a local change in thatients with DMD, and sarcoglycan-deficient mice there is
patch membrane that leads to the appearance of the hagh upregulation of the expression of TRPV2, awgno
open probability MS gating mode. factor-regulated channéf TRPV2 appears to be an MS
The mechanism responsible for the change in M&annel, since stretching myocytes from sarcoglycan-
channel gating is not understood. Based on thieficient mice on a deformable substrate rapidly increases
characteristics described alep we have argued that the [Caz"]i.GO TRPC channels are alsxpgessed in setal
gaing mode shift imolves an irrgersible disruption of muscle, particularly TRPC1, 4, and 5%.Antisense
some component of the corticaftaskeleton in dystrophin- oligonucleotides with a sequence of a conserved region of
deficient muscle that produces a local alteration ithe TRPC family was found to suppress the expression of
membrane structure and/or composittdnUItrastructural MS channels in skeletal muséfe.More recently TRPC1
abnormalities of the corticalytoskeleton in dystrophin- has been identified as the stretchyatéid MS channel in
deficient muscle hee been noted.For example, there is a Xenopusoogytes, which has properties similar to the MS
loss of spectrinwer M lines and in the longitudinal strandschannel in skletal musclé® These tw observations
in mdx muscle that leses regons of the sarcolemma suggest that TRPC1 encodes the skeletal muscle MS
without structural support from theytoskeletorf! The channel, although the contribution of other TRP channels
membrane in these regions is likely to be more susceptilstkmains an open questiorQuantitatvre RT-PCR, shws
to disruption by mechanical stress such as occurs duriegpression of TRPV2, 3, 4 and 6 in mouse diaphragm and
patch recordings.The inability to obsem gating mode TRPV3, 4 and 6 inastrocnemiu§’ Expression of TRPV4
shifts in recordings froormdxFDB fibres may reflect either in muscle is interesting since a short forrasworiginally
a lower density of such weakened regions or compensataipned as a stretch-inagdted channéf and recent studies
expression of some otheytoskeletal component, such assuggest it acts as an MS charfifeThese findings point to
utrophin. the need for further study of the expression, localization,
Stress-induced disruption of thetaskeleton may and rgulation of TRP channels during muscleedlepment
produce changes in MS channel gating througberat and disease pathogenesis.
possible mechanisms. Disruption of thgoskeleton could
lead to changes in local membrane acef geometry that References
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