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Summary dystrophin &pression. Dystrophinand the dystrophin-
glycoprotein compbe (DGC) appear to link the costomeric
1. Duchenne muscular dystrop{DMD), a seere  giryctures of theytoskeleton tothe basement membrane of
muscle wasting disease of young/bavith an incidence of ,,scle fibred:2 The eact linkage of the basement

one in eery 3,000, results from a mutation in the gene thghemprane adjacent to the z-lines to the collagen-1 and
encodes dystrophin. The absence of dyStropRIessIion  ¢o|jagen-3 in the extracellular matrix is unko Thelack
in skeletal muscles and heart results in the degeneration 3f qysirophin &pression in muscle fibres leads to a
muscle fibres and consequentlwese muscle weakness piogressie weakness and wasting of skeletal muscles of
and vasting. Themdx mouse disceered in 1984, with oys with DMD that leads to confinement to wheelchairs by
some adjustments for differences, hasvgmoto be @ 12 years of age and most boys are deceased by their mid-
invaluable model for scientific irestigations of dystroph twenties due to respiratory or cardiailire3 The mdx

2. The deelopment of the diaphagm SUip moyse disceered by Bulfield and his colleagues in 1984
preparation by Ritchie in 1954 provided an ideal |acks dystrophin expression in muscle and consequently
experimental model for irestigations of the skeletal muscle provides an dective snall animal model for studies of the
impairments in structure and function, induced by thgfects of the lack of dystrophin on eletal muscle
interactions of the disease-related and the age-relatgfciure and function throughout the life spafhe mdx
factors. Unlile the limb muscles of thendx mouse that 1oyse has also priled a model for the impact of the lack
shav adaptve dhanges in structure and function, théy gystrophin on the length of life of the motsen the
diaphragm strip preparation reflects accurately thgncture and function of different alletal muscles of the
deterioration in muscle structure and function observed fhs7 on the limb skletal muscles throughout the life
boys with DMD. span on the susceptibility to contraction-induced infuty

3. The adve'nt of sophigticated serwotors and gnd on the dicaqy of a ariety of implantatio®® and
force transducers interfaced with state-of-the-art sofw genetic studies to verse the dystrophic symptori&!?

packages to dre cmplex experimental designs during the The mdxmouse does va ©me short-comings as a
1990s greatly enhanced the capability of théx mouse mqde| for ivestigations of the deslopment of structural
and the diaphragm strip preparation todeate more ang functional deficiencies in skeletal muscles due to the
accurately the impact of the disease on the structurgssence of dystrophirkgression. Themajor deficieng is
function relationships throughout the life span of thg,a; adaptations occur in limb muscles rofix mice and

mouse. _ these adaptations result in appbrtroply of the sleletal
4. Finally, during the 1990s and through the early, scles of the limb%. The typertroply produces a

years of the 21 century a wide variety of promising, gypstantial increase in muscle mass that maintains
sophisticated genetic techniquesvénateen designed t0 maximum isometric force, Ut due to the presence of
ameliorate the d@stating impact of muscular dystropbn damaged fibres, results in d®0% loss in maximum
the structure and function of skeletal muscles. During th'&ecific forcé” Interestingly the diaphragm muscle does
period of rapid deelopment of promising genetic therapies ot undergo such an adaptatiorConsequently the
the combination of thendxmouse and the diaphragm Stripdiaphragm muscle of thendx mouse more accurately
preparation has provided an ideal model for ta@uation | ofiects the dgeneratie changes obseed in both limb and
of the success, orailure, of these genetic techniques tjSaphragm muscles of boys with DMB2131924Because
im'pro\/e cystrophip muscle structure, functioq, or bothot the more accurate representation of thgederatie
With the tvo year life span of thendxmouse, the impact of changes, we e uilized the diaphragm strip preparation
age-related effects can be studied in this model. to investigate the progression of the muscle weakness and
muscle wasting throughout the life span of théxmouse,
as well as the effect of various genetic therapeutic
interventions. Thecomparisons among thadx wild type

In Duchenne muscular dystroptDMD), a mutation (WT) and transgenic mice include the capacity for the
in the gene that encodes dystrophin results in the absencé@lopment of maximum specific force, normalizedveo

The mdx mouse as a model for Duchenne muscular
dystrophy
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and the susceptibility to injury when subjected to protocothe maximum life span of 28 months fondx mice,

of lengthening contractions. compared with the 36 months of age life span for WT
mice® For both young and old WT mice, the histological

sections of the diaphragm strips showed tightly peck

. , 3 o
Our laboratory has had a long and sustained interé’é?ble .flbres"'. Consequgntly th? specific forces -and
in the structure and function of the diaphragm mu&cié. normalized power were simplywiiied by the total CSA of

In 1954, Ritchié’ first described the diaphragm stripthe digphragm strip. Throughout the ije span, the values for
preparation of the ratThe diaphragm strip provided anthe dzlaphragm st_rlps of the. .WT mice from 240 to 250
immediate, neel and innovative gproach to the function of kN/m Zfor the maximum SpEC!fIC forces, and from 5410 55
the diaphragn12132327The rat vas anesthetized by anW/Kg, for maximum normalized peers are in xcellent

appropriate anesthetic administered as required to keep eelmentf V\\//\'/t_lr_] e"’.lcgggy;er an? W':ht cc:atr(illv\{_alugs for_tlrllmb
rat unresponse © tactile stimuli. The surgical procedure muscles o mice-~7In contrast to the mice wi

then consisted of excising the total diaphragm muscle fro?g)% of the CSA composed of viable muscle fibres, only

the anesthetized rat, and immersing the diaphragm mus Y6 of the CSA of the diaphragm strips of the yourtx

with rib attachments and central tendon intact in an'c® Was composed of viable fibres and for the rotik

oxygenated bath of physiological salind. small strip of hmlc(;e éhe perc%ntagig?othEe CSA.C; mposeq of w;abler?bres
intact muscle fibresT5 mm wide was then dissected 3¢ C€crease to -Even with corrections for the

carefully from the central tendon to the attachment of t mageq and - necrotic . fibres, the diaphragm = strip
fibores on a single rib The diaphragm strip was thenpreF’?‘Fa“O”S of thandx mice at 3 months qf age had
attached to a sesvmotor and a force transducer ands‘peCIfIC forces only 62% of theale fgr WT mice _and at
measurements of force were made during shorteni z}months only 48% c.)f the Wialue (Figure 1).$|m|larly,
isometric and lengthening contracticis. ith the same corrections foolume, the normalized peer

; ; ; - f the diaphragm strips of the youngdx mice were 45%
Such a diaphragm strip preparation obtained frof) . . .
mdx mice could then be used forvistigations of the that of the WT mice and for the old mdx mice 30% (Figure

effects of the lack of dystrophin on the mechanica%)'
properties, maximum specific force, maximum normalized

The diaphragm strip preparation of the mdx mouse

power and susceptibility to injury during lengthening

contractions, or of the fefctiveness of various gene 250 |

therapies in nersing the dystrophic symptomlé-2028 s i =

Such studies with the diaphragm strip preparatioveha € 200 1

demonstrated the relagi défectveness of restoringarious £

highly functional full length® or mini-dystrophin fusion & 150 @

genes for cell and gene theyayf DMD.18-20.23 S LT e e "

L 100 f o

The diaphragm strip preparation during aging of mdx § ______________________________________________________

mice & s04 ¢ T a
Dupont-Verstegen & McCartef provided an early o4t , , , , , ,

insightful comparison of the age-related changes up to 20 0 4 8 12 16 20 24

months of age for the maximum specific forces of Age (months)

diaphragm stripssoleusmuscles andextensor digitorum
longus (EDL) muscles ofmdxand WT mice€. The soleus
and EDL muscles ofmdx and WT mice shwed rapid
increases in specific force up to 4 months of age with a
plateau a’ 205 kN/n? for mdx and (245 kN/n? for WT
mice!/ For both mdx and WT mice, the plateau in force
extended to 20 months of ageinfortunately the values for Figure 1. Comparisons of the maximum specific forces of
specific forces for diaphragm strips of WT mice varied sthe diaphegm drips obtained fom mdx and wild type
greatly with a range of 160 to 300 kN/nsompared with a (WT) mice at 3, 5, 17 (WT mice only) and 24 monthgef a
normal range of 210 to 270 kN## 23 that age-related The maximum isometric forces wenrmalized tospecific
changes were not discernabiere for WT mice. Despite force by dividing the fae developed by the diajigm
the great variability among the specific forces of thatrips of the WT mice by the total cross-sectional area of the
diaphragm strips of both thendx and WT mice in the diaphragm grips and for themdx mice by dividing the max-
Dupont-Verstegen & McCarter study the values for the imum force by the total ea of viable fibres in the
specific forces of the twgroups shwed no eerlap at ay ~ diaphragm drip (dashed lines), or by the total ags-sec-
age providing strong evidence of a deficitfmixmice. tional area of the diaptagm drip including the damaged

Our data on diaphragm strips moextend from and ‘ghost’ fibres (see text for definition) (dotted lines).
sampling points between 14 days and 24 months of
age>”1622The 24 months of age is within arfenonths of

wild-type mice (Ref. #23)

mdx mice (Ref. #23)

wild-type mice (Ref. #16)

mdx mice (Ref. #16)

mdx mice (uncorrected for damaged fibres)

(SRR Wul |
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normalized power of the total diaphragm strips, not

100 m—i-type mice (Ref. #23) corrected for damaged fibres are 19% and 10% of the
1 mdx mice corrected for damaged fibres (Ref. #23) values for WT mice. These values pIace the mdx mice at
80 e mdx mice uncorrected for damaged fibres grave risk of respiratorydilure. Consequentlyhe citing of
. respiratory &ilure, along with heart failure, as the major
2 60 A causes of the shortened life-span of théx mice, is not
= surprising®
% 40 *** . The diaphragm strip preparation of the mdx mouse in
o - assessments of cell and gene therapy
20 1 i Based on the difficulties that arose through our
comparisons of data on the specific forces measured on
0 diaphragm strips ofmdx and WT mice by dferent

5 months 24 months laboratories (see Section on Age-related Changes), the
decision vas made to restrict the assessments of cell and
gene therap to data obtained through collaborations

, ) ) between the Chamberlain laboratory performing
Figure 2. Bar-graphs of the maximum normalized powefntenentions utilizing cell and gene theyaiechniques and

developed by the diapagm drips obtained from the e Faylkner laboratory performing the assessments of
diaphragm nuscles of the WT anohdx mice The maxi- yuscle contractility618-20.28

mum power developed by the diagdgm drips of mdx and
WT mice wex normalized for the WT mice by the mass of

Age

the total diaphagm drip, for the mass of the viable fibres in -
the diaphagm drips of themdx mice and by the total mass 250 | B Tg-mdx
of the diaphagm drip including the mass of the dagea &é‘
and even ‘ghost’ (see text for definition) ébifor themdx = 200
mice Asterisk inidicates a diérence (P< 0.001) from WT < .
double asterisk indicates a féifence fom mdx (corrected) 3 *
mice. S 1901 ) * *
2
5 100 A
Although age-related changes in specific force h&l
been inestigated in limb muscles ahdxmice?” the limb @ g, |
muscles ofmdx mice adapt to ongoing damage to fibres
with a 20% to 30% ypertroply.>’ In contrast, the

diaphragm muscle of thexdx mouse does not appear to

undego such an adaptation and consequently the ;\‘bq% ;\qu @QQ fﬁ’& fﬁ&
diaphragm strip has been extremely useful in following the &% \Q\q}‘ & PO
age-related changes that occur in skeletal musclesdaf S & S ,éQQ} v

mice unimpeded by gredaptive dhanges.”-?2Our data for < ® <

the specific forces of the diaphragm strips for bothntide

and WT mice indicate a clear age-related decline in specifitgure 3. Bar-graphs for the specific force developed by
force for diaphragm strips normalized for viable fibre CSAhe diaphagm drips obtained from the diaphgm nuscles
and &en more steeply for specific forces normalized folof the WT anandx mice andndx mice treated with various
total CSA of the diaphragm stripsoWT mice, the EDL genetic theapies. Intransgenicmdx mice 3 nonths of
and soleusmuscles display a loss a30% in maximum age, @x et al,'® overexpressed dystropin; 4 months ajea
specific force and maximum normalizedwes by 28 Rafaelet al,?® expressed a truncated minege ;6 month of
months of ag&3® and presumably the diaphragm stripsage, Gawford et al, 2 deleted the entir COOH-terminal
from diaphragm muscles of WT miceould shev a smilar  domain of the dystrophin molecule; 3 months gk,a
deficit. Certainly respiratory function of elderly humans isHarper et al,'® deleted multipleagons of the dystiphin in
decreased consideralSifFor mdx mice similar deficits in a variety of diferent combinations; and 7-10 months géa
structure and function of the diaphragm musclesi et al,’® engineeed aminiDys-GFPgene that emoved
undoubtedly occurbut at an gen earlier age than for the mud of the cental rod domain of the dysiphin. Wth
WT mice. For mdxmice, the gerage life span (50% of the ead of these cell and gene therapy interventions the spe-
cohort deceased) is 22 months and the maximum life spéific forces of the diaplgm grips wee returned to values

is 28 months, compared with 27 months and 36 months fe6t diferent flom those of the WT micésterisk indicates
WT mice® Consequentlywith a linear decline in specific a difference (P< 0.001) from WT.

force and normalized peer of the diaphragm muscle of the

mdx mice throughout their life span, the specific force and
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Beginning with the original elimination of the transgeniomdX¥<’ mice and those from the WT mice were
dystrophic symptoms in themdx mouse by the not different. Furthermore, after the lengthening
overexpression of dystrophin in transgemwixmicel® the contraction protocol, the force deficit of the diaphragm strip
diaphragm strip preparation has yicked a highly aluable of the mdx¥®' mice was almost three-fold greater than that
muscle preparation for thesauation of a wide variety of of the WT mice, whereas that of the transgeni® mice
gene therapies for the treatment of muscular dysyroph were not different (Figure 4).
the mdx mouset?1317-21.28|n three month oldmdx mice
overexpressing dystrophin, the specific forces (Figure 3) 100
and normalized pmers of the diaphragm strip were not
different from those of WT mice of comparable &%
1994, Radel et al.?® demonstrated that expression of a—
truncated dystrophin mini-gene thatasv missing xons <
71-74 similarly eliminated the dystrophic pathology in bothg 60 1
the structure and function (Figure 3) of the diaphragm stri@
Dystrophin is a multidomain protein that links the acting 40 -
cytoskeleton through the DGC to laminin in the

extracellular matrix (ECM§! Crawford et al,?° 20 |

demonstrated that transgenic mouse lines with deletions -
throughout the entire COOH-terminal domain assembled -

the DGC successfully and had WTalwes for muscle 0 s c
structure and function (Figure 3) in both limb muscles and WT max™" miniDys-GFP/madx™"

diaphragm strip. SubsequentlyHarper et al 8 described (n=19) (n=19) (n=10)

detailed studies aimed atvascoming complications in o )
attempts to deslop gene therap for DMD due to the Figure 4. The force deficit was assessed bypessing the

enormous size of the dystrophin gene. After a detailéifc®ase in B (mN) measured after two 30% lengthening
functional analysis of the structural domains of th&ontrctions as a peentae d the F, (mN) befoe injury.
dystrophin protein, Harper and his colleagues concludétpterisk inidicates a dérence (P < 0.05) from WTHouble
that multiple regions of the protein could be deleted ifiSterisk indicates a dérence from @nsgnic mice Bar-
various combinations that generated highly functional min@raphs for the force deficits developed by the diagir
and micro-dystrophins. Diaphragm muscles thatressed SUIPS wee dbtained from the diaplagm nuscles of the WT
even the smallest dystrophins had greater specific forc@§d MdxX'*’ mice andmdx mice treated with engineered a
(Figure 3) than dystrophimdx muscles. Pwer was not MiniDys-GFPgene that Figno/_ed mub of the central od
measured, but presumably would veakeen similarly domain of th_e_dysmphln._ With the_rapeutlc intervention
improved. the force de_f|C|t of the diaphgm grips wee returned to
The autologous transplantation of myogenic ster@!ues not different from those of the WT mice.
cells transduced with a therapeutic expression cassette also
offers a highly promising technique for the treatment of For WT mice, the phenomenon of contraction-
DMD.* Despite the promise of this technique, thenduced injury to muscle fibres results only during
development of this method has been hampered by ‘@ngthening contraction$? when muscles are stretched
number of critical dificulties that include: (i) the veryWo  during a maximum, or neamaximum contraction. In
frequeng rates for the engraftment of cells, (i) the tracingontrast, muscles ofndx mice may also be injured by
of the specific cells that ta been transplanted, (iii) the jsometric contractions (unpublished datZhe most useful
inability to halt muscle necrosis due to the rapid loss @heasure of the susceptibility to injury of fibres, or whole
autologous cells carrying marker genes, and (iv) th@uscles, is théorce deficit(the decrease in isometric force
inefficient transfer of a large dystrophin gene into myogenigeveloped after an injury producing protocol of lengthening
stem cells'? contractions xpressed as a percentage of the initial
To avoid these difficulties, a 5.7 kiminiDystrophin- jsometric force desloped by the uninjured muscle prior to
GFP fusion gene was engineeredhe miniDystrophin-  the procedure). The fibres ined&tal muscles of young WT
GFP fusion gene replaced the dystrophin COOH-terminghice are highly resistant to injy¥ywhereas those of old
domain with an enhanced green fluorescent protein (€GRR)Y mice are much more easily injuréf® The fibres in
coding sequence after the revalo of much of the dystrophic muscles are extremely semsitb contraction-
dystrophin central rod domairA transgeniandX®’ mouse induced injury (Figure 4). Protocols of lengthening
expressed the miniDys fusion protein under the control of @ntractions that cause only slight injuries, with force
skeletal muscle-specific promotefhe green fusion protein deficits of 10% for EDL muscles and 14% for diaphragm
localized on the sarcolemma of muscle fibre and resulteddftips of young WT mice causevsee injury to dystrophic
the assembly of the DGCFor the diaphragm strip, muscles with force deficits of 75% for EDL muscles and
compared with age-matched WT mice, tmelX® mice 400 for diaphragm strip¥. Consequently the

shaved a 50% decrease in specific force. In contrast, thfeasurement of the sensitivity of skeletal muscles to
specific forces for the diaphragm strip obtained from the

80 -

*%

Forc
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contraction-induced injury produced by protocols of
lengthening contractions pridle a powerful tool to assess
the eficagy of gene therap as evidenced by no diérence

between the force deficits for the diaphragm strip obtaindd.

from the transgeniand¥®’ mice and that of WT mice
(Figure 4).

We @nclude that diaphragm strips dissected from the
diaphragm muscles of young and old Wiidx and
transgenic mdx mice provide an »xremely useful

preparation for the waluation of age-related changes inl2.

skeletal muscle structure and function and on tfieaay of
a wide range of genetic manipulations and ingetions.
Compared with limb muscles, the diaphragm strip has the

adwantage of assessing a comparable deficit in specific fort@.

and normalized pmer and a magnitude of contraction-
induced injury comparable to the magnitude of the
disturbances observed in the humaxpression of the
disease. Asuch, the interpretation of the successailufe
of an intervention is much more clearly defined.
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