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‘Abstract

' To test the hypothesis of Parry and Desypris (1983) cthat
the prolongation of the twiteh in fast-twitch hindlimb -
muscles of the dystrophic (dyzj) modGse is due to the
vsynthesis of slow myosin by these muscles in response to
spontaneous discharge of their mdtoneurons. the expression of

myosin subunits and isoforms was analyzed in dystrophic mice
r

‘at various ages.. The fast-twitch hindlimb Anterior Tibialis
" .

- and Extensor Digitorum Longus muscles of normal mice express

only the fast light chains (LClf, LC2f, and LC3{) and heavy
chains (IIA and 1IB).

The results show that the slow myosin light chains, LCIJR
and LC2s, appear in S5DS-polyacrylamide gels Sf AT muscles of
8 month old dystrophic mice, in addition to the fast light
chains. Slow myosin heavy chain was detected in EDL and AT
muscles of .4 month old dystrophic mice by an im-
munohistochemical technigque with monoclonal antibodies.
Neither slow light nor heavy chains were detected in the
fast-twitch forelinmd muscles; Extensor Carpl Radialis Longus
and Brevis, which are known to be quiescent in anesthetized
dystrophic mice (Parry and Desypyis,'}983). Embryeonhic myosin
heavy chain was detected immunohistochemically with an c¢m-
bryonic—specific monoclonal antibody in hindlimb muscles of
younger dystrophic arimals up to age 6 months, wherdas it was
not detected beyond 4 months of age in the forelimb muscles.
Further evidence for the lack of slow myosin involvement in
the slowing process is the minute amount of slow myosin native
lsoform which appears only in the oxidative reglion of AT at

12 Sonths, on pyrophosphate gels.

The dystrophic Scleus muscle, a slow—twitch muscle of thu“‘
hindlimb, shows a marked loss of “pure’ Type I fiBreg, ulth'h .
considerable increase in the number of hybrid fibres, con-
taining both slow and fast isoenzymes of the-myosin héuvy
chain, as detected by immunochistochemistry. A réduction in
the relative contedt of the slow myosin (SM) natlive isoforn f33

was also seen by pyrophosphate gel analysis. v



/

It is concluded that part of the slowing of the isometric
twitch in fast-twitch nmuscles .of the hindlimb of dystrophic
mice older than 8 months of age is due to the presence of
slow{ myosin in these muscles. However, in dystrohpic mice
younger than 8 month?‘ the&slowlng of the isometri¢ twiteh is.
probably not due to slow myosin synthesis, as slow light
chains could not be detected in AT and few (<10L) fib
contalned slow myosin heavy chain. 'Lp younger dystr c
micey the presence of embryonic myosin heavy chain was taken
as evidence for'the existence of reggnerating'fibres. It is

unlikely that these regenerating fibres are the principal

. contributors to the slou1ng process in mouse Jystrophy, as

their relative number was small (<10%).

viii
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- INTRODUCTIPN

Myosin: an Historical Perspective

Myosin is a complex molecule which has both a structural
and an enzymatic function in the process of contraction and
tension development In ‘skeletal muscle. A mpdurn undertand-
ing of the structure, composition and function of this con-
tractile protein has required intensive rescarch over the
past sixty vears. aAn eloquent review of the early work on
muscle contractile proteins can be found in a monopraph by
Dubuisson (1954)., In 1925, Ueber’churacterizcd some baslc
physico-chemical properties of a protein fraction extracted
from rabbit skeletal muscle, which he termed “myosin’ (Weber,
1925a, b). The first report assigning the enzymatic activity:
of adenosine triphosphatase (AT 'ase) to myosin was in 1939,
by Engelhardt and Lyubimova. The extract of Weber (1925b)
was undoﬁbtably a mixture of myosin and actomyosin (nctfn
combined with myosin). The question as to which of the two
proteins was enzymatically actije was resolved later, with

the advent of protease dipest studies of myosin frapments.

Weber and his associates later showed that skeletal nascle
actomyosin. could be dissociated into actin and myosin
(Portzehl, Schramm, and Weber, 1950) and could bQ reassoci-
ated step by step‘to form actomyosins of diffbfunt'l
sedimentation constants (Weber, 1950). Hanson and 4. E.
Huxley (1953) were able to extract myosin and actin SuC s s-
ively from the fibrils of minced ‘rabbit nmuscle. By means of
electron micrography of longitudinal thin sections before and
after the extraction procedures, tﬁeyldémonstrntud ui- )

equivocally that myosin was the principal constituent of the

‘A~band and ‘that actin made up the I-band in striasted ouscle,

In,plectron micrographs pf transverse sectinns of rabbtit
muscle myofibrils, H. E. Huxley (1953) showed the extstence
of-a compound array of two types of filaments, the thick
filaments of .the A~band and the thin filaments of the I-band.
Based on these results, and on cinematopraphic records of

phase contrast illuminated myofibrils during periods of

R
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stretch or active tension, . E. Huxley and Hansan (1954)
proposed a role for the ATPase activity of myosin and the
interaction of myosin with actin in their ‘sliding f}lament'
model of muscle contraction. A. F. .Huxley and Niedergerke
(1954) had also arrived at a similar model for muscle con-
traction, based on their own results. ln this model, actin
filaments of the I-band slide between the thicker filaﬁentg
of the A-band, with tension being generated at the expense of
ATP hydrolysis. | : .

.
.

ﬁany investigators have attempted to elucidate the
structural 'features of the myosin molecule which enable it to
self-assenble into A-band filaments,, to interact with actin,
and to cleave ATP. One approach has been the use of proteo-
lytic enzymes which break the myosin molecule into frag-
ments which can be identified by their respective sedimenta-

‘tion pattern with ultracentrifugation. The protease trypsin
cleaves myosin into two unique kinds of fragments with well-
defined characteristics. The smaller molecule, light
meromyosin (LMM), has the solubility properties of intact
mﬁusLn {(Szent—-Gyorgyi, 1953). The larger heavy meromyosin
m%leculc (HMM) contains the sites for enzyme activity and
Interaction with actin (Gergely, 1950; 1953; Mihalyi and
SEcnt-Gyo;gyi; 1953; Mihalyi, 1953; Szent-Gyorgyi, 1953).
fhc physico—chumical,properties of these fragments have been
.reviewed by Lowey and Cohen (1962). The LMM fragment has .a
molecular weight of approximatively 140060 and a highly
alpha-helical conformation. The HYM has an approximare
molecular weight of 340000. Their estimate of the molecular
welght of myosin is probably the most reliable (based on
purely biophyéical parameters) and lics at approximately
476000 (lLowey and Cohen, 1962).

N\

In electron micrographs of transverse sections of the
myofibril, H. E. Huxley and Hanson (1960) showed the presence
of lateral projections, extending about 200 angstroms from
the thick filaments, which appeared to touch the actin fila-
ments.  They sugpgested that these cross—-bridges are composed
of the HMM subfragement, and that the core of the A-band .

filament consisted of LMM subunits in a staggered, helical



arrangement. .
]

Beyondkthe gross ultrastructural information ohtatned from |
proteolytic digestion and electron micrgscopic examination of
fmyosin, little information was obrained concerning the n;[nal
composition of the molecule. The first report suggesting
that mydsin might contain smaller subunits was that- of Tsao
2(1953) in which he reported the existence of 1ight chatins or
16000 molecular weipht after ammoniun sulphate fraccionation
of myosin exposed to 7 M urea. Koninz, Carroll, Smith and
Mitchell (1959) found a component of 29000 dalrtons released
from myosin in 0.1 M sodium carbonate. This alkali
dissociation was further investigated in great detail by
Gaetjens et al. (1968) and by Gershman, Stracher, and
Dreizen‘(l969).

The realization that myvosin consists of a larger backbone
to which is associated smaller constituents ruquircd‘a re-
evaluation of the structure in relation to these smaller
components, as well as the determinntion of their
stoichiometry for a given molecule. A comprehensive reviocw
of the early literature on the subunits of myosin and their
interactions can be found in Dreizen et al. (1967). Lowey
and co-workers (1969) subjected myosin to proteolysis with
the enzyme papain, which not only produces LMM, but also . -
cleaves the HMM into two distinct subunits under controlled
conditiens. They were able to prepare relatively undepraded
HMM subfragment-1, the enzymatically active globular portlon
of the molecule identified previously by Mueller and Perry’
(1961} in tryptic digests of WM, as well as HMM sub-
fragment-2, the helical structural reglon of heavy meromyosin
which they had previously isolatcd_ffom A tryptic diyest of
HMHM (LoweyLwGOldstcin, Cohen, and Luck, 1967). By dipesting
myosin in a ;} cipikated state with papain, Lowey et al. 7

(1969) were alsp able to isolate the entire helical

coiled=coil region of the myosin molecule. The size and shapu
/

of these fragments, deduced from physlco-chemical measure-

3

ments, were comphred to the structures scen in electron

nicrographs shadow-cast preparations. From these studics

they concluded that the myosin molecule consists of two
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" globular units, each measuring about 70 angstroms in diameter,

attached to a rod-like region approximately 1350 angstrons

long.,

In a subsequent paper, Weeds and Lowey (19715 locked
specifically at the .chemical and physico-chemical
characteristics of the low molecular weight compeonents, or
light chains, dissociated from rabbit skeletal muscle myosin
under a varie&y of denaturing conditions. They identified
three clectrophoretic components on acrylamide gels run both

in the predence and absence of sodium dodecyl sulphate, which

indicated differences in net charge and molecular weight.

They separated the three light chains by chromatography and
determined their thiol sequences and were able to show that
two of the three (the alkali light chains) are chemically
related in that they contain an identical thiel scquence,
while the third component was scen to be chemically differ-
ent. They repeated the experiments of Gazith ét al. (1970),
who had previocusly shown that a light chain could be removed
from myosin by treatment with 5,5 “dithio-(bis-2-nitrobenzoic
acid) without loss of ATPase activity, and also concluded

that this third light chain (called the DTINB light chain} is

- not essential for activity.. The alkali light chains, which

dissociate from myosin at pH 11, were referred to as essen-
tial. light chains, since thelr removal had been shown to
result In a total loss of ATPase activity (Stracher, 1969;

Dreizen and Gershman, 1970).

Weeds and Lowey (1971) also determined the stoichiometry
of these two classes of light chains by the isotope dilution

technique, using as markers [l4¢] {odoacetate—labelled

~peptides of the different light chains, and isolating these

peptides form purified light chains and from mixtures of

[1201 iodoacetate-labelled myosin and 14C~1abelled light
chalns. Thelr results showed that both myosin and HMM con-
tain two molecules of the esscntial alkali light chains,
while HMM subfragment-1 had a single alkali light chain
non-covalently bound to it. They also found that myosin and
HMM had two DTNB light Ehains attached, but that HMM sub-

fragment-] contained less than half the expected number,
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They suggested that DTNB 1igh£ chain might be susceptible to
papain digestion.. Thus, the DTNB light chain probably s
associated with the HMM region which is cleaved by papain,

between subfragment~] and subfragment-2.

More recently, Winkelman, Lowey and Pre;s (1963) hawve
identified th; precisce location of the DTNB~1light chain in
adult avian muscle myosin. They used a monoclonal antibody
directed against this mvoesin subunit with an electron mlicro-
scoplc shadowing techrnique to detect the location of the
epitope on myosin preparations. Thelr results confirm the
proteclytic digcst studies which had originally supiested
that the DTNB-light chain is located at the junction of the
head and rod of the myonsin molecule.

The ovcrnll.picture which has emerped fron :hvmu_{gu
related papers (Lowey et al., 1909; NcOdS'ﬂﬁﬂ Lowey, 1971)
and the previous studies of fragments {rom frpric digestian
1967) 'is'. sumnarized in

the schematic diagram presented In Fip. 1.

&

{(Lowey and Cohen, 1962; Lowey ct al

]

&
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A; Schematic representation of the mechanism of action of
trypsin and papaln. Brief treatment of myogin with ~
trypsin yields the two fragments light meronyosin (LMM)

and heavy meromyosin (HMM) (Szent-Gyvorgyi, 1953). A nore
prolonged treatment with trypsin yields two smaller: ‘
fragments of HMM, subfragment-1 (HMM S-1) which contains
the actin-binding site and ATPase activity, and sub- K
fragmenz—2 (HMM S-é), which consists of the helical

extension of the myosin rod (Lowey et al., 1967). Brief
papain treatment of myosin yields HMM S-1 and modified

myosin (Lowey et al., 1969). Slightly longer treatment e
relcases the second HMM S-1 as well as the myvosin rod.
Further proteolysis with papain will cleave the mvosin

rod into LMM and HMM S5-2. (This diagram is reproduced

from Lowey et al,(196%) with permission)

B. Schematic representation of the myosin molecule. This
scheme has emerged from the structﬁral studies using
protecolytic enzymes, and electron micrographs of the.
subfragments of myosin, as wéll as tHe analysis of the
light chains and their association with these fragments.
The alkhli light chains (ALC) are seen to be associared
with . the HMM 5~1, whereas the DTNB-light chains (DTNB LC)
are probably located close to the HMM S-1-HMM $-2 region
cleaved by papain, as thts light- chain appecars to be
sensitive to the proteolysis (Weeds and Lowey, 1971).
{(Reproduced and modified from Weeds and Lowey (1971) with

permission)
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"Structural and Molecular Iscenzymes of Myosin

s : ~

The *first reports to hint at the ekistence of functional
isoforms of ﬁ&oéin were those of Seidel et al. (1964) and
Barany et al., (1965) which showed that the myosin ATPase
activity of the slower red muscles of the rabbit is lower
than that of myosin from white muscles. The pH stability of
:thcse myosins was also found to differ between slow red and
fast white muscles (Sreter et al., 1966; Seidel et al.,
1967). Myosin from slow éLscles was found to be alkali -
labile and stable at anm acid pH. Barany (1967) has found a
clear correlation between the ATPase activiry of myosin and
the speed of muscle shortening. Myosin isolacea from 14
diffegént muscles (of mammalian, lower vertebrate and
invertebrate animals) of known matimal speed of shortening
was tested for its Ca2+ - and actin-activated ATPase
activities. He found that the A@%ise activities of the
myosins were generally proportional to the speed of
shortening of their respective muscles; i.e., the greater the

intrinsic speed, the higher the ATPase activity. .

On the basis of the pH stability of myosin ATPase, Guth
and Samaha (1969) developed an histochemical technique to
distinguish qualitatively between slow red or fast white
fibres in musclts of rabbit, rat and cat. They also observed
that fibres with high ATPase activity could be subdivided
futo two categories by the use of formaldehyde, which inacti-
vated some fibres and not others, Brooke and Kaiser (1970)
also described similar results using a slightly different
preparation, where théy observed the three major fibre types,
as well as a fourth minor type of fibre. Their Type I fibres
correspond to the low ATPase~activity slow red fibres, which
they found to develop the greatest reaction with the oxida-
tive enzyme stains (reduced diphosphopyridine nuclforide
(DPNH or NADH) dehydrogenase and succinitc dehydrogenase)).
Thelirf homenclature for the two subtypes of high ATPase-
activity fibres was Tyﬂe IIA and Type IIB, based on the’
inhibition of .myofibrillar ATPase with different acid pre-
incubations. Serial sections of Type 1IB fibres were seen to
develqp tQalleast reaction with NADH, whereas Type IIA fibres
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had an intermediate reaction to this enzyme.

Several comparative studies were made to determine whether
muscle—specific.molecular isoenzymes of myosin existed in
order to explain the correlation observed by Barany (1967), -
as well as the basis fo; histochemical fibre typing. Perric
and Perry (1970) studied the,éléctrOphorctic banhing patterns
of myosin on acrylamide gels In 8 M urea. Their detailed
report looked at the effect of different QKLrnCtioanrUCvd—
ures and the duration of storage of the extract on the number
of- observed light chain% from myosin,of cardiac, red and
white skeletal muscles. They found that cavdiac and red
skeletal muscles (Soleus éqd Semitendinosus) showed distlnct
electrophoretic patterns from that of white muscle, thouph
their use of amido black to stain the gels probably reduced
the sensitivity of their system, and may account for their

identification of only 4§ light chains.

Lowey and Risby (1971) looked at the light chains extrac
cted from fast and slow skeletal muscles, as well as cardiac
muscle, In both the rabbit and chicken.” Thev found that fasL
muscles centain 3 light chains of 16000, 15000 and 25000
daltons, which were eleczrophorctically distinct frdm the two

'light chains seen in both slow skeletal and cardiac muscles,
whiich had a molecular weight of 20000 and 27000 aultnnn.
These results were Independently confirmed by Sarkar ¢t al.
(1971) who also looked at fast and slow skelefal and cardiac

muscles in the rabbit, and by Weeds and Pope (1971), who

—

looked at both sheep and bovine cardiac muscle, as . .well as
shecp skeletal muscle. However, as the ATPase activity of
myosin is now known to bé a function of the heavy chain
conponent, the significance of these light chain studices {n
relation to the ATPase activities of muscle fibre type-

specic myosins 1is uncertafn.

The first repprt'witﬁ cvidence for differenecs In myouin
heavy chalns was that of Margreth et al. (1980) who found
diaginct peptides in LTE pro;eolytic digests of myosin fron
fast (Anterior Tibitalis)) and slow (Soleus).nuscles In the

rat. Billeter et al. (I980, 1981) have shown that heavy
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chain iscforms exisc for Type I, Type IIA and Type IIB -
fibres. Single human fibres, histochemically typed for
Ca2+-activated ATPase, were extracted for myofibrillar prot-
eins, which were separated on SDS—polyacrylémide gels. The
myosin heavy chaln band on these gels was cut out and sub-
Jjected to partial proteolysis. The digest was mapped on a
second, one-dimensional SDS-polyacrylamide gel. These pept-
ide maps were compared for Heavy chains of myosin from fibres
of known type, and differences were found in the digests of
Type I, Type IIA and Type IIB myosin hfavy chains. These
authors have .further characterizaed the differences by
comparing two~dimensional peptide maps of the heavy chain
digests (Billeter et al., 1982). The two-dimensional maps
sepafaté the peptides, -in a finst dimension according to their
isoelect;ic poiﬁts, and then in a second dimension by placing
the isoelectric focusing gel on an SDS-polyacrylamide gel, to
further separate the fragments according to molecular weight
(0'Farrell, 1976). ‘o

’

Earlier attempts to. separate fhe‘heavy ché;n isoforms of
myosin using SDS-polyacrylamide gel electrophoresis were only
able to distinguish between the' fast and slow isoforms (Perrié,
Bumford and Rochelle,‘l982; Carraro and Catani, 1983, 1984).
Recently, Perrie and Bumford (1984) have succeeded in,
separating the three isoforms of the myosin heavy chain from
frozen thin sections ' of skeletal muscle and have.correlated
these isoforms with the ATPase staining pattern of serial
sections of the same muscles. Thus, %9U1t skeletal musgles
are characterized, not only by slow and fast light chains,
but also have characteristic heavy chains in Type I, Type IIA
and Type IIB fibres. Danielli Betto and Betto (1985) have.
shown that histochemically typed single muscle fibres can
also”contain small amounts of a myosin heavy chain® of another
type, as detected in 6% polyacrylamide gels. This indicates
the existence of fibres with hybrid myosin exﬁresgion;

The possibility that structural isoforms of the myosin
molecule might .exist as a result of the different association
of the two alkali light chains to the ‘head’ region of myosin
wias suggested by Weeds and Lowey (1971), based on their

; , « .
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observation that there was twice .as much of alkali light
chain-1 (A-1) as alkali light chain-2 in their extracts of

rabbit muscle myosin. Thus, the HMM S-1 fragments of a given

T myosin moleCUle_might contain both the same light chain

(either A-1 or A-2), or they might each contain one of the
two (one with A-]l, the other with A-2).

. . .

The stoichiometry of the alkali light chafins has also been
examined in histochemically identified single fibres of the
rabbit Psoas muscle (Weeds, Hall and Spurway, 1975) showing a
2:1 ratio of A-1 to A-2, in confirmation of the previous
study tWeeds and Lowey, 1971) ;hich had examianed whole musucle
extf%cts. This was further evidence for the existence of
structural isoforms of myosin within the same muscle fibre,
provided A-l was not a proteolytic fragment of A=l and thuf
they were extracted equally from the single fibre. ‘

Hoh, McGrath and White (1976) have developed a technique
whereby the native myosin molecule can be extracted froum
muscle and electrophoresed under non-denaturing conditions.

In chicken muscle extracts, they identified five clectro-

" phoretically distinct native myosins; two from slow muscle,

and three found in fast muscle. They suggested that these
represented (structural) iséenzymes of myosin. “This was
confirmed by Hoh (1978) for chicken myosin isoehzymcs, where
he showed that the cut-out bands of the native myosins {n
non-denaturing gels contained distinct light chains when run
on 5DS-polyacrylamide gels. As the light chains have
characteristic molecular welights, they were partlx‘respons;
ible for the electrophoretic separation of the native
isoenzymes. ThéSe'findtngs have been confirmed for,human
skeletal muscle (Fitzsimons and Hoh, 198la), rabbit muscle
(Mabuchi er al., 1982, 1984), and also Hn mounse muscles
(Fitzsimons and Uoh, 1983). -
The report of Fitzsimons and Hoh (1983) on mouse skeletal
muscle myosins will be described, as it applies to Ythe other
animals studied and is directly relevant to the work pre-
sented here. These authors analyzed the'nattyc myosin

isoenzyme composition, myosin light chain distribution and

~
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histochemical profile of fast-twitch and slow~twitch musclgs
of normal.and dystrophic (129 ReJ dy/dy) mice. Their results
for muscles of normal mice Qill be described here, and the
dytfophic muscle data will be described in a subseguent

section.

Fitzsimons and Hoh ({1983) found that the normal mouse
slow-twitch Soleus muscle contained two isomyosins (slow
myosin, SM and idtermediate‘myosin IM) which were
electophoretically distinct from the three ma jor isomyosins
(FML, FM2, FM3) of the fast-twitch Fxténsor Digitorum Longus
mubcle. The calcium-activated ATPase activities of FM1l, FM2Z,
FM3 and IM at pH 9.2 were found to be each much higher_than
that of SM. This was taken as .indirect evidernce suggesting_
that SM contains the heavy chain of slow muscle, whereas FHl,
FM2, FM3 and IM ‘each consisted of the fast heavy chains
associated with different light chains., Analysis of the !
light chains from cut-out bands of. native myosin gels showed
that FML, FMZ2, FM3 and IM contained the BDTNB-light chain od
fast muscle, LC2f. The alkali light chain content was seeﬂ
to differ in- these cut-out bands. FMl was considered to be a
homodimer of the LC3f (A-2) light chain, FM2 a heterodimerfof
LCIf (A-1) and LC3f (A-2), and FM3 a homodimer of the LCLf|
Light chain. SM contained the two light chains of slow |
muscle (LCls and LC2s). The IM was found to contain not ;nly
LCl1f, but also LCls 1in abOut_equal amounts. Thus, IM appears
to consist of fast myosin heafy chains with a fast and slow
light chain assocliated with either ‘head’ region of the
molecule. The structural isoforms described by Fitzsimons
and Hoh (1983) are schematically represented in Fig. 2. It
is dmportant to note that cheir non—-denaturing sodlum
pyrophosphate-buffered &el system does not differthiate
between the two types of fast heavy chains described by
Billeter et al. (1981). 1It remains to be seen whether both
the Typﬁ IIA and the Type IIB myosin heavy chains form

structural isoforms of myosin which can be distinguishéd on a

molecular weight basis according to their assoctated light
chains, and whether both types of heavy chain can form an
intermediate or hybrid molecule with the slow~type light

chain(s). . \&ﬁ

E\‘\\__/f
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"in slow-twitch muscle. It is cdmpodud.o{ the slowstype

3 e

Schematic reprebentation of the structural 1soEormb of

myosin. Five isoforms have" been detectéd bv non- }
denaturing sodium pyrophosphate—buffered gel electro—dr_--~;
phoresis (Fitzsimons and tloh, 1983}, LighL chaln L :*;

‘analysis oE each isoform has reve dlLd thdL thLy differ,”

not only in thelr myosin hcavy chain (HC), hut aLso owe
their different mobilities to their. associatcd light_ NS
chains. Fast-twitch muscles coptain LhrLe isoforms' ‘ ;‘
(FM1l, FM2, FM3) whlgh each contain the. fast heavy ohafn(sl
and two DTNB-light chains (Open-é?iangles), and hiff&;

in their respective alkali light thain content. & Th¢ ;,:{
fastest migrating native isoform, Fﬂl‘ is = honddimt-‘“»f
{(two of the sawe) for the low molecular, waight alkald . ."

light chain (small open squdred). The second fastest

migrating isoform, FM2, is a heterodimer for the two - ° L

alkali light chains, which gives 1t a2 mobil;qﬁ Yntcf—
mediate between the FMl homodimer ﬁnd the ¥Fil hum;dimur,
which contains two af the larger molecular w;ibhﬁ alknli'
light chains (large open squdres) The slowest m13r:c—

ing native isoform of myosin is Found ChlrdLCLrlsL1C¢lly

heavy chain and slow light chains, LCls (fitled squares)

and LC2s (filled tria n01es) In the Scleus of the:—
mouse, many fibres appear to~§5ain as the fast Type LIA
fibres wicth myofibrillar ATPaske, hlqtochchquy.- Thu‘lﬂ
isoform represents an hybrid type, of myosin_ and iq
probably specific to Type IIA fibres in slow muscleq.

It consists of fast heavy chains, twu DTNB light chainsr
and both the higher molccular welght dlkalx light-chdln
of fast muscle and the LCls light chain of slow &u;cle.

zr 7

-
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The functional significance of these structural isoforms
remains controversial. Weeds and Taylor (1975) were able to
separate the HMM subiragment-l iscenzymes from rabbit s

skeletal muscle myosin on SDS-polyacrylamide gels. Using a

medified alpha-chymotrypsin digestion technique, they found

two electrophoretically distinct HMM S-1 fragments, ecach®
containing one.of the alkali light chains (Al or Al). Thé}
measured the calcium-activated ATPase activity of ecach f}ug—
ment, separated by ultra&entrifugation, and found no signitf-~
icant difference between the S-1 (Al) and the S=1 (A2) frag-
ments. They also found no difference in the magnesium-
dependent ATPase activity of the two fragments. Howdver,
when they tested the fragments for ATPase activity in the
presence of filamentous actin, striking differences in Vm;x
were obtained. The Vmax for 8-1 {(Al) was about half that
obtained for S5-1 (A2). " These results were confirmed by
Winstanley, Trayer and Trayer (1977) for HMM S=1 prepared
from chicken skelcdtal muscle myosin. Thesc authors also
found that S-1 (Al) exhibits a greater binding affinity to
both the meonomeric and filamentous forms of actin than doues
the S-1 (A2) species. -On the basis of this observation,
Trayer, Winstanley and Trayer (1977} were able to separate
heavy meromyosin isoenzymes from both rabbit and chicken
skeletal 'muscles by explolting this differuntiﬂl_acLin hinal”
ing. Thcy isolated two homodimers of the A frapgment. The
Al/Al homodimer was found to exhibit & struhgux ;ﬁfinlty than
the A2/A? species for both the monomeric and filamentous

-

forms of actin.

~ Ina detailed stndy,,Uagﬁer et al. (1977} iooked at the
interaction of S-1 (Al) and S;MN(AE) with regulated actin
(filamentous actin + Frupomydsin + truponin}. They found
that the differcnces ia actin-activated ATbnsd activity which
had been reported previously (Weeds & Tnylan:IUYSJ were
matntained. lowever, when they modified the ionic strength
of the solution they found different ffccts on the enzyne
kinetics of the two fragments. While increasing the lonic
strength from 6 md to 46 md KCLl had bittle effect on ¥V Tor

S-1 (A2), the corresponding value for $-1 (Al) increased to
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approximately equal that of S-1 (A2). They suggested trhat
the two isoenzymos are controlled by the same rate limiting
process in the steady state under these conditions. The
previously reported differences way have reflected a peooliar
behaviour un Ff conditicns of low ionic strength. Despite
the additiongs
f%r hlger ionic strength, these authors admit

insight provided by the use of regulated actin
in a solutio®n
that the results of in vitro studies must be interpreted with

caution.

Wagner and CGiniger (1981) have shown that HMY S-1, pre=
pared from avian skeletal muscle mvosin, in which the alkdll
light chain was removed by mild dissociating conditions,
still had the ability to bind reversibly to filamentous acrtin
and retained 30~80% of the ATPase activity of native HMM S-1.
Shivaramakrishnan and Burke (1982) were able to remove .the
alkall light chain from HMM S-1 of rabbit skeletal muscle
myosin while retaining its full ATPase activity. In addition
to providing direct evidence that the site for ATPase acriv-
ity is located on-the heavy chaln of the myosin moﬁecule;
these recent studies have also reguired the re-— Lxdluatlon of
the role of alkali light chains as "essentlal” conponents.
Despite the facr that myosin can exist as an heterodimer,
containing both alkali light chains in the same molecule
(e.g., FM2, Fitzsimon and Hoh, 1981), or the combination of
both LCIf and LCés in IM, the physiological role of these .
structural isoforms has remained an enigma.

: Y

If the light chains modulate the interaction of the myosin
heavy chain with actin, or the ATPase activity of myosin,
then the molecular events involved in tension development
becume more dirflcult to analyze with the increasing number
of variables. A further complication has arisen with the
report of Perrie, Smillie and Perr ¥ (1973) in which the DTNB
ight chain (LC2f) was found to exist in either a
phosphorylated (LC2i-P) or a non~phosphorylated form. A
regulatory function for phosphorylation has been found in
other enzyme systems, for examplc,'phosphorylation increases
the cnzymic activity of phosphorvlase b kinase (Krebs et al.,

1966), but decreases the activity of pyruvate dehydrogenase
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(Linn et al., 1969). Many investigators have attempted to
elucidate the role of light' chain phosphorylation in the
contractile process (Baran§ & Barany, 1977; Barany et al.,
1979, 1982; Kushmevrick & Crow, 1932; Manning & Stull, 1979;
Moore & Stull, 1984; Perry et al., 1984; Stull & High,
1877). Despite intensive research over the pasE ten years,
no, physiological property of intact skeletal muscle has beene
identified that unequivocally can be concladed to be a direcet
consequence of rthe phbsphorylation*of the DTNB lilght chain,
For a review of the current level of understanding of this

phenocmenon, refer to Perry et al. (1984).

Developmental Changes in Myosin Expression

Early work by Traver and Perry'(1956) has shown that the
Ca2+~ATPase activity of myosin changes with the development
of the muscles 1in several-animals. In addition, Drachman and

hnston (1973) found that actomnyosin ATPase activity is low
in the neonatal rat Extensor Digitorum Lonwus muscle until 5
days after birth. After this time the arctivity {ncreases,
reaching adult values by approsimately 20 days. Similar
differences were reported by Sreter et al. (1975) who
identified ATPase characteristics of myosin fruom embryonic
muscle which were distinct from the adult fast and slow
isoforms.. .

Hoh and Yeoh (1979) looked at the native myosin isoenzynes
from fetal, adult fast-twitch and adult slow—twitch skeletal
musples in non~denaturing pyrophosphate pels. They found
three distinct isoforms in fetal muscle which had a stiphtly
faster mobility fhan the adult isoforms. The slowest—
migrating fetal disofarm (fm3) co-migrated with the fastest
adult isoform (FM1), however, analysis of the light chaln
Contentgof-the cut-out bangds showed that these two isolorms
were distinct. They suggested that as light chains constit-
ute only a small fraction of the total molecular mass of
native myos}n, the differences betweén fecal and fast-twiteh
muscle myosins with respect to their electrophoretic hehavior

was due to structural differences in the heavy chain of
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these two types of myosin. Two-dimensiocnal maps of cyanogen
bromide peptides of these myosins élso'pointed toward

structural differences.

Farly immunohistochémical evidence indicated that nmyosin
in chick embryonic muscle was distinct from that of adult .
chickens (Masakl & Yoshizaki, 1974). This has heen confirmed
by Whalen et al. (1981) in an elegant study using various
approaches, including polypeptide mapping, complement fixa-
tion, immunocytochemistry, gel electrophoresis of native
myosins, and the study of synthetic myvosin thick filaments by
electron microscopy. In addition to a fetal isoform of the
myosin heavy chain, they found a neonatal iscform. These
{sviorms appeared sequentially in rat muscle during the
period from late gestationh to about three weeks of age, at
which point the adult isoform became the predominant species

of myosin heavy chain.

In_fegal muscle, a light chain has been identified by
two-dimensional electrophoresis that is distinct from the
adult isoforms (Whalen et al., 1978). This light chain has
also been demonstrated in developing cardiac nuscle (Whalen &
Sell, 1980), and in human fertal muscle (Strohman et al.,
1983). BRBiral et al.” (1984) have shown, by one-dimensional
peptide map analysis, that the fetal-specific light chain in
developing human muscle 1is strdcturally unrclated to both
LCls and LCIf light chains of human adult skeletal muscie
myosin. A similar lighe chain has bLen characterized in
cmbryenic chicken ekele tal, cardlac, and smooth myscles

(Takano-Ohmuro et al., 1985).

“The myosin isoforms which characterize adult skeletal
muscle fibre types etist as a result of the ehpresslon of the
genes encoding for their rebpective subUnits. Thus, three
myosinm heavy chain genes are expressed in adult limb skeletal

muscles (Billeter et al., 1981). 1In the rat, the fast

.skclétnl muscle myosin,light chains 1 and 3 {the alkall light

chains) have been shown to result from the expression of a
single gene by a combined process of differential RNA trans-—

cription and splicing (Periassamy et al., 1984). This has
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also been demonstrated in chicken skeletal muscle (Nabeshima
et al., 19B4). In'rabbit skeletal muscle, LCIf (190 amino
acids long) and LC3f (149 amino acids long) had been shown
previcusly to have complete sequence homology for the 1a¢r’“
141 awmine acids at the carboxy terminus {Frank and Weeds,
1974), and also, these two proteins were known to differ in
length and amino acid sequence at thelr anino tormini (Frank
and Weeds, 1974; Weeds, 1973). The DTNB light "chalns of slow
and fast skeletal muscle are known to differ in electro>
phoretic mobility (Lowey and Risbv, 1974), lhowever, 1t is5 not
known whether they result fronm separate’genes;

A peculiar featuregof adult slow skeletal muscle myosin is
that it shares the same gencs as those expressed in
ventricular myocytes for most of its constituent subunits,
Twe iscenzymes of the myosin heavy chain are expressed in the

cardiac ventricles, the alpha- and beta-heavy chalns (Mahdavl

.ct al., 1982). A recent study has demonstrated that the

beta-heavy chain of ventricular myosin is the same as that ot
slow skeletal muscle and is expressed by the same Lune (Lompre
et al., 1984). The alkal;'light chains of .slow musele (LCLy)
and.of ventricular muscle {LClv) co-migrate on two-
dimensional gels (Whalen et al.; 19739, and spount evidence
indicates that they are encoded by the same gene (Barton ct
al., 1985).

The sequential transition from fetal to neonatal, and then
to either adult fast or adult slow myosin heavy chalns has
been further characterized by Gambke et al. (1983). These
authors looked at native myosins on pyrophosphate pels.  In

addition to the five isoforms described by Fitzsimons and Hol

‘(19813) for adulet fast (FML, FM2, FM3) and adult slow (81 and

IM, which they call SHM2) skeletal muscles, they alsoe found
four fast-migrating isoforms expressed in the cobryonfc and

neonatal stages (f1 to f4), as well as two slow fsoforms (sl

and s2). The migratieon rates of sl and s2 were distigget from

SHl and SM2, indicating that {n additionh Lo fast isofarms,
slow isoforms are expressced also in immature slow muscles.
They showed that there are distinctions in the complement of
myosin isoenzymes betwaen the slow—twitLh Soleus and the

fast—twitch EDL in the rat at birth, These distinctions were
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expressed by preliminary forms of fast and slow myosin.
Similar results have been obtainéé‘by Lyons‘et al. (1983),
who found that neonatal EDL and Soleus nusclﬂs differed in

their native isoforms.

Cambke et al, 61983) 1ookéd at the progression of native
myosin expreiﬁion in presumptive fast (EDL and Gastrocnemius)
and slow (soleus) muscles in developing rats that were either
¢uthyroid, hypothyroid, or hyperthyroid. The serum TA 1evé15
showed that normal ra are essentially Bhypothyroid at birth.
There was a significant rise to peak serum T, levels at 15
days followed by a slight decline to mature levels at 35
days. . During normal fast smuscle development, the switch in

myosin composition was found to coincide with peak serum Ta

levels, to be inhibited in hypothyroid animals, and was

precocious in hyperthyroid animals. These results suggest
that thyroid hormone orchestrates the transition by activat-
ing adult myosin synthesis and inhibiting synthesié of neo-
natal myosin. These authors propose that in developing slow
muscle thyroxine probably also turns off synthesis of neo-
natal slowmyosin, as it was found to persist up to 35 days

in hypothyroid, and was eliminated prematurely in hyperthyr-

oid ‘apimals. Thyroxine did not appear to significantly alter

the transition from neconatal to adult slow nyosin.

Despite neonatal denervation, the EDL was found to pro-
press successfully through its maturatlonal sequence and

synthesized the adult fast myosin isocnzymes (Gambke et al.

1983). This suggests that thyroidal regulation of fast muscle

maturation is mediated upon the muscle rather than via
alterations in the function of -the motoneuron. ' In contrast,
the integrity of the motoneuron was found to bg essential to
the synthesis of slow myosin. After neonatal ?encrvation,
the proportions of slow myosin in the Solehs progressively E
declined. Slow myosln was no longer detectable by 25 days,:
at which point the atrophic Soleus was found to -be composed
of myosin isoenzymes similar to those of adult fast muscle.
Their.results suggest that ian the absence of the.nerv the
prospective slow muscle synthesizes a fast form of myosin

which may be under thyroidal concrol Thus, during normal

<
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development the. intact slow motoneurdn would oferride this

propensity .and promote svathesis of slow mvosin,

Using a nqqocfonal antibody specific for the embrvonic

"myosin heavy chain of rat skeletal muscle, Gambke and

liubifl,'SEei:fl (1984) have also demonstrated that thvroid horamoae

_hastens -the disappearance, of this subunit during development,

while hypothyfoidish retards its decrease. The thyroid
hormone induced transitions In skeletal muscle myosin isofarms
have a}so becnireported in urodelian amphibians and mice
(d"Albis et al., 1686), and have been associated with the
svnthesis of. new nyosins of higher catalvtic efficiency
(d"Albis ¢t al., 1985),

A simjilar transition has been observed in the expression

{

of the cardiac ventricular alpha- and beta-heavy chain penes,

‘which alse nppcnr.to be developmentally and hormonally re-
pulated (Lompre er al., 1984). In the cardiac ventricles of
several mannalian spocies, three myogin isoenrzymes have heen
identified (V1, V2 andi V3) on the basis of their eloctro- _
, 1977

Lonpre et al., 1981; Clark et al., 1982). However, these

phoretic mobility ia non-denaturing gels (Hoh et al.

three nyvosins are composed of only two distinct types of
myosin heavy chains, the alpha- and beta-isocnzymes. VI and
Ué are composced of alpmrquphn and beta-beta homodimers,
respectivelv, while V2 has been postulated to be an alpha-
beta heterodimer (Hoh et al., 1979; Chizzodite et al., 1982).
In all the specles studied so far, V3 is the most abundant
myosin in late fetal life. 1In rat and mouse, VI Increases at
birth and becomes the predominant form throughout perinatal
life. 1In contrast, 1in larger animals, V] {s transiently
predominant after birth with V3 becoming the most abundant
mvosin in the adult animal, (Hoh et al., 1977; Lompre et al.,
1981; Sartore et al., 1981; Clark et al,, 19K2),

The distribution of the cardiac isoen?ymos can be modified
in certain patholegical and cxperimental conditions, such ae
nechanical overload (Lempre et al., 1979), diahctes (Dillman,
198G, Hnlhprta et al,, 1981), and chanpes in thyroid hormonc

~— - .
levels (Hoh et al., 1972; Flink er al., 1979; Sartore et al.,
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1981; Schwartz et al., 1981; Marctin et al., 1982; Sinha et
., 1982, 1983 ; Lompre et al., 1984).
Hypothyroidism is ass'ociated with a shift from alpha- to

al., 1982; Everett et al

beta-myosin heavy chain. Protein data analysis suggests that
the beta-myosin heavy chain reappearing. in the heart of
hypothyroid rats is the same as the one ecxpressed in fetal
life (Schwartz et al.,°1982). This redistriburion of myosin
sicavy chain iscenzyme ratio has been shown by several authors
to be reversed by the administration of thyroid hormone (loh
et al., 1979; Flink et al., 1979; Sartore et al., 1981;
Chizzonite et al., 1982; Everett et al., 1983). The in-
trinsic velocity of contraction of carﬁiac muscle decreases
in rats made hypothyroid by hypophysectomy, and can be re-
stored with the administratgon of thyroid hormone'(Korecky
and Beznack, ]1971). Thus, the myosin composition of the
myocardium is of physiological significance siﬁce the rela-
tive‘distribution of the two major ventricular nyosin heavy
chaiﬁs, alpha and beta, is in direct correlation with the
contractile performance of the heart (Schwartz et al., 1981;
Ebrecht et al., 1982).

‘Lonpre et al. (1584) have shown that the V3‘to V]l trans-
itioa of ventricular myosin isoforms in the rat occurs at
approximately the same time (day 14) as the peak thyroxine
levels, just as the ttfansition ffom neonatal to adult myosin
isoforms in fast skeletal muscles is also known to occur
(Gambke et al., 1983). Lompre ct al.. #®I984) have used
alpha- and beta-myosin heavy chain gene- prCiflC sequences
derived from cDNA clones and the’Sl. nuclease mapping pldeed-
ure to show that the myosin heavy chain transitions in thé
vgntricular myocardium are determined by the Lxpression’of
the alpha- and betd —myosin heavy chain genes, and can be
entirely accounted for by changes in the accumulation rates
of their respective mRNAs. In addition, their results sug-
gest that thyroid hormone has opposite effects on the trans-

cription of the alpha- and beta-heavy chains.

The cardlac ventricles and fast-twitch skeletal muscles
appear to share a4 common mechanism-controlling isoecnzyme

transition during development, namely through the modulation
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of gene expression by thyroid hormone. Netther the

fast skeletal nor the cardiac ventricular muscle require a
;zz}al ingluence to efiect their iscenzyme transitions. This
has been clearly demonstrated in a recent study by Korecky
and associates (1986)?\ Adult rat heart (containing pre-
dominantly the V1 isoenzyme), when trahsplanted into the
abdomen of an inbred adult reciﬁicnt, changes its isoform
exﬁression from VI to V3. The transplanted hcnrt‘wns coroun=
ary perfused and beating isovolumically. _ They observed no
changes in the heart of the recipient animal. To-study the
putative direct role of thyroid hormone (T3) on the sclectlive
expression of the VI isoform of myosin they used donor and
reciptents made hypothyvroeild after 30 days on low iodine Jdiet
containing 0.3% propylthiouracyl. Thus, they obraiwed two
hearts, each expressing the V3 isoform in the same animatl.
One was innervated and carried fyll haemodynamic load while
the other was denervated and performed minimum external work.
After surgery the recipient rats were put on normal dlet
supplemented by injections of T3; which made them cuthyroid
and later hyperthyroid, and the rate of anticipated conver-—
sion of V3 to VI was monitored. The percentage of V1 in-
creased in the transplanted and recipient heart from small
traces at the time of surgery to 2% and 6% after 3 Jdays, 49%
and 46% after 7 days and to 91% and 96% after 14 -days. In
view of the'similar time relnfionships of the rate of VI
synthesis in both hearts, the most prébable explanatc{on Iy
the direct action of T, on the myocyte, {ndependent of any

3
neural influence.

The motencurons innervating Type I (slow oxidative)
skeletal muscle fibres have been shown to inhibit the post-
natal expression of other fast-type=specific contractile
proteins. The suppression of the fast forms uf the troponin
components in presumptive slow cells is nerve-dependent
(Dhoot & Perry, 1980, 1982, 1983), as are the subunits of
tropemyosin (llceley, Dhoot & Perry, 1985). Thus, scveral
studies indicate that the suppression of faét sheletal muscfc
contractile protein isoforms 1n developing slow nuscle s not
only nerve-dependent, but may result from a common mechanism

at the nuclear level (Gustafsoh et fla, 1983).. :
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The importénce of the nerve in maintaining the expression
of'éhe contractile proteins of slow skeletal muscles has been
clearly demonstratqd under a number of experimental condi-
tions. Denervation of the slow Soleus at birth leads to the
expression of the-édult fast—-isoforms of myosin (Gambke et
al., 1983), troponin (Dhoot and Perry, 1983), and tropomyosin
(Heeley, Dhoot and Perry, 1985). Denervation of fast
muscles at birth has‘little effect on the transition from
neonatal to adult isoforms. Cross~reinnervaton experiments

‘indicate that replacing the nerve supply of a slow muscle
with that which normallylsuppli;s a fast muscle changes

the expression of the genes controlling the syathesis

of certain myofibrillar proteiﬂf. In the cases of myosin
(Buller et al., 1969; Barany and Close, 1971), tropomyosin
(Heeley et al., 1983), and lhe troponin complex (Dhoot, Perry
and-Vrbova,~1981)[ the slow muscle forms oé‘these proteins
ate replaced by the forms usually present in fast muscle.

The converse, in which the nerve to a fast muscle is replaced
by one normally-innervating a sldw muscle, also leads to the
replacement of the fast isoforms hy the contractile proteins
nurﬁally seen in slow muscle. Chroniec electrical Stimulation
of the.merves supplying fast and slow muscles with the ap-
propriate frequencies has also been demonstrated to modify «the
expression of myofibrillar proteins, suggesting that the
pattern of neural discharge is involved in the control of the
senes responsible for normal phenotype expression in Type I
(slow-twitch) and Type 11 (fast—twitch) fibres of skeletal
muscle. Thus, fast muscle becomes slow when the nerve which
supplies it is subjected to a pattern of acrivity
characteristic of a nerve to slow muscle. The chronically
stimulated fast muscle synthesizes slow myosin isoforms
(Sreter ec al., 1973; Salmons & Sreter, 1976; Pette et al.,
1976),'coegistencc'of fast and slow isoforms can be detecred
in the same fibres (Pette & Sghnez, 1977; Rubinstein et al;,
1978), and tropomyosin isoforms are also converted to those
seen in slow muscle (Roy et al.,, 19Y79). 1If chronic stimula-
tion of a "fast" nerve is terminated, the fast muscle ultra-
structural myofibrillqr characteristics have been shown to
reappear, indicatiag_fhat fast-to-slow transformation can be

reversed (Eisenberg, Brown and Salmons, 1984).
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The question as to whether a trophic factor-is involved in
the control of gene expression in slow muscle, or whether the
cattern of neural discharge itself is the principle regulator
emains controversial. At first glance, experiments involv-
ing stimulation of a "f;st" nerve with low frequency iépulscs
suggeét that there is no need to invoke a neural trophic
factor and that the activity pattern of the muscle is the
cause of the transformation. 'On the other hand, as supgested
in the review of Jolesz and Sreter (1981), the retrograde
effect of chronic stimulaﬁion may alter the properties of the
motoneuron, and these changes could induce the transformation

of muscle by‘trobhic signals.

In adult skeletal muscle, motoneurons appear to determine
the biochemical characteristics of the muscle fibres they
innervate. Histochemical evidence was first to point out
that ruscle fibres of a given motor-unit (motoneuron + muscle
fibres it innervates) are identical (Burke et al., 1973).
This has been demonstrated clearly in disgectéd single muscle
fibres from identified motor—units for enzymes of intermedi-
ary metabolism, In contrast to the large variability of .
malate dehydrogenase and fructose—i,G-Hiphosphatase activi-
ties in muscle fibres taken at random from'a fast muscle,
Nemeth et al. (Ll981) found that muscle fibres from the same
motorunits had similar enzyme activities. Thus, despite an-
,apparent lack of involvement of motoneurons to fast muscle in
determining the transition from neonatal tb adult protelin
isoforms, there nonetheless .appears to be a traphlc {nflﬂenCU
of the nerve in maintaining certain other biohhemical para-
meters. It remains to be seen whether thc-postnatal‘difL
ferentiation of fast muscle into Type I[IA and Type [IB fibres
(each containing a specific myosin heavy chain) is neuro-

trophically regulated.

~
i

The motoneurons are not "hard wired" in the animal after
birth. A considerable degree of post-natal maturation and
plastic transformation can occur. The best example of these
post-natal changes is the Soleus muscle of the rat., It isg
composed mostly of Type I and a few Type II(A) fibres.
Kugelberﬁ (1976) has shown that there is an adaptive trans-
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" formation of Soleus motor-units with gfowth. He Fgund thdt
the proportion of Type II fibre units with fast contraction
times decreased from 532 to 10% of totaly, and Type I fibre
units with ldnget contraction t{@es increased from 67% to 90%
of total, iﬁ mature rats {aged 34 weeks) as_compared to the
younger animals (aged 5 weeks). He also demonstrated that

' fibres transform from one type to another, and concluded that
the increase in Type I fibre units from Type Il was -due to
changes in the propérties of the motoneurons. Butler-Browne
and Whalen (1984) have looked at thé rat Soleus from 1 week
after birth to 6 months. Approximately half the fibres were,
found to contain embryonic and slow myomin at 1 week; these
fibres subsequently contain only slow myosin. A second éroup
of fibres contains embryonic and neonatal myosin at | week
and most of them subsequently accumulate adult fast myosin.

A portion of-this-lgttef'g;pup begins to acquire slow myosin
from 4 weeks of age. They interp}éted these data as sug-
gesting a preprogrammed sequence of myosin isoenzymes from
embfyonic to neonatal to adult fast, which, at any time
during development could be suppressed with the induction of

slow myoesin.accumulation.

“In the mouég, it appears that a siﬁilar Process occurs.
Parry and Pardlow (1981) found that in mice aged 3 to 4 weeks
approximately 26% of Soleus fibres werg Type I and 727% were .
IypezIIA, based on myofibrillar ATPase. In older mice with
an average age of 5 months, Lewis, Parry and Rowlerson {1982)
found approximately 41% Type I and 59% Type IIA fibres in
Soleus. Ovalle et al. (1983) have obtained very similar
results in mice of the same strain at 4 and 32 weeks of. ape.

The post—natal development of fast muscles appears to be
slightly differéht. In fast muscles with a hgterogenous fibre
composition, the slow-fibre population is believed to be
generated earlier 1in development than the fast (Rubinstein &
Kelly, 1981), and there does not appear to be any significant
transformation from slow to fast postnatally (Jomes, Ridge
-and Rowlerson, 1985). This difference in developmnental
maturation between slow and fést muscles may reflect a

fundamental difference in :he,differentiation :nto fast and

4
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slow muscles. Dhoot (1983, 1985) has shown that the
initiation of differentiation into slow an& fast cells and
the adult patterns occurs very early in fetal life, long
before the adult netrve pattérns are established. Some other
factor(s), such as position of the muscle in the limb, may be
responsible for'the pattern of development in cach muscle, .
The function &f the nerve supplying each muscle would then be

“to assure that the adult patterns are maintalned.

Muscular Dystrophy in Man

The term dyst -ophy is reserved for the classic types of
‘degenerative muscle disease of genetic etiology (Adams,
1§75). There are several types of inherited wuscular
dystrophies in humans, which are distinguished on the basls
of their developmental appearance and the muscles affected.
For example, the fascioscapulohumeral dystrophy, first de-
écribed by Landouzy and Dejerine (1884), occurs between apes
6 and 20 years in both males and females and invelves certain
muscles of the face and shoulders. Oculopharyngeal dystrophy
is an autosomal dowminant inherited.disease which begln§ late
in adult life and leads to ptosis of‘'the eyclids and
dysphagia (Taylor, 1915). The limb girdle dystrophies are

~

autosomal recessive disorders causing proximal weakness carly
in adult life. Usually the legs are more severly involved
than the shoulders (Carroll and Brooke, 1978). Myotonic
dystrophy is yet another form which affects the muscles of
the face, jaw, neck and levators of the eyelids, its dis-
tinguishing feature is a considerable delay in relaxation
ater a stecng voluntary contraction (Steinurt,'l909).

The most common and severe of the muscular dystrophles {is
pseudohypertrophic dystrophy, first described by the French
neurologist G. B. Duchenne in a monumental work of 800 pagzes’

entitled De 1°€lé&ctrisation locale, et de son application

32 la pathologie et 2 la th&rapeutique, the first edltion of

whiih appeared in 1855. Duchenne’s dystrophy 1s an Y-1linked
disorder, and is much more frequent in males than {n femalcs.

The disease commences in early life, before the 6th year in
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the najority of cases. Certain muscles are "spared™ from the
"degenerative disorder; these are the nuscles of the hand,
_face, jaw, larynx, pharynx, and the eyes. All bth?r muscle;;ﬁ
show either initial hypertrophy or atrophy, and eventually
most of them become wasted. Erb’s comprehensive monograph

in 1891 clearly described the chief histologic changes in the
muscles, and he was the first to emphasize the general
similarity of the disease in all the dyitrophic syndromeé.
Erb (1891) concluded that the essential proces$ wés fibre
hypertroéhy followed by atrophy and that it was associated -
with vacuolation, splitting of the muscle fibre, nuclear
‘proliferation, central nucleation, increased endomysium, and

connective and fat tissue Infiltration.

In Duchenne’s dystrophy the mdst prominent histologic
feature 1s the occurrence of groups of degenerating muscle’
fibres. Four or five fibres in a cluster disinf%grate over a
longitudinal extent of a few sarcomeres, and the necrotic
sarcoplasm is soon invaded by phagocytes. The process ex-

cites active regeneration as revealed by the activation of
.saQellite cells (Mastaglia and Kékulas, 1969; Méstqglia ot
al., 1970). The degeneration and subsequent regeneration of -
muscle fibres leads to the expression of both fetal and :
neonatal isoforms of native myosin (Fitzsimons and Hoh, .
1981b). Betto and Salviati (1985) have analyzed the pattern
of myosin heavy and light—chains in single muscle fibres of
patients with Duchenne’s muscular dystrophy. They found an
fnereased number of hybrid fibres which contain both fast and
slow myosin heavy and light chains. These changes probabdy
reflect secondary effects of the pathology rathcr‘than a.

direct result of the genetic defect.

Although Duchenne muscular dystrophy is an X¥—1linked re-
cuvssive disorder characteristicallf affecting onk?ﬂhales,
seven females have been reported recently with this form
of dystrophy, and in all seven céses the patient also has an-
X-autosome translocation (Verellen et al., 1977, 1978;
Greenstein et al., 1977; Lindenbaum et al., 1979; Canki.et,
al., 1979; Jacobs et al., 1981; Zatz et al., 1981 ; Emﬁanuel
et al., 1983). Although the autosome involved is different
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in cdach of the seven cases, the exchange point in the X
chromosome is at band Np2l in each case. This has led to the
suggestion that the gene responsible for Duchenne dystrophy
is at baqd Xp2l, and that in eacH case the translocation has
disrupted-or inactivated the normal gene functicn on the
translocated chromosome. This conclusion is-further .
strengthened by the fact that in no case were the parents
found to carry the translocation and in no case was the
mother a proven carrier ofrhhe Duchenne pgene. Furthermore,
in all cases the normal ¥ chromosome is preferentially late.
replicating (inactive) suppesting that-a sinpgle defective
gene on the active (translocated) X chromosome is responsible
for the discase (Verellen-Dumoulin et al., 1984). A recent

study by Worton et al. (19584) has come closer to allowing a

dircct analysis of the Duchenne mu¥gular dystrophy gene by
identifying the reptons flanking c;EMQyﬁu locus in the
translocatiou—deriyéd chromosomnes.. Thouph the product of. ths
*Duchenne genc is still not kunown, these studies should soon

provide the answer.

The study of dystrophy in animal models has not solved
this basic problem either, however it has led to a better
understanding of the pathology of the diseasce, as animals are
more easily amenable to experimental manibuintfun) Several
animal models exist for the humati muscular dystrophies.
Although similar inhcrited'muscdlaf-disorders have begn
-obse%ﬁed in the chicken (Asmundson and Julian, 1956), the
Syrian hamster (Homburper et al., 1962), and the pgulnea pig
-(Hebb, 1970), the best sLudied model for the human muscular

dystrophies remains the house mousec.

Muscular Dystrophy in the Mouse

Four gencetically disiin&t forms of muscular dystrophy have
been reported, Michelson et al. (1955) reported' a mutatian
in the Bar Harbor 129 strain of mice, which they called
dystrophia muscularis. This myopathic ‘disorder occurs as a
result of an autosomal recessive gene (dy) on chromosome 10,
In 1970, Meicer and Southard described a progressibe hered{t-

2]

ary myopathy of mice caused by a second allele, dy™7 ) at the

-
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dy locus. ,Althgugh the two mutaﬁt genes are alleliec, the
syndromes caused by them differ in degree of clinical and
pathologlcal severity. The onset is later and progression of
clinical gigns and pathological changes in dv~ 23 are slower
than in dy-animals. The dy animals develop a progressive
weakness of proximal muscles that {s recognizable 3 to 4
weeks after birth'by dragging of' the hindl?mﬁs, kyphosis, and
a nodding of the head. There is a reduction'in body weight
and a progressive atrophy of axial and limb nuscles that is
seldom compatible with survival bExond the third or fourth
month. On the other hand, the dy~ 23 animals show a more
progressive loss of the vse of their hindlimbs starting at
about 2 months. By 4 monthg the hindlimbs are fully extend-
ed, with ankylosis of the knee joint. These amnimals will
drag. their hindlimbs from this age on, using their forelimbs
for locomotion, and can live as long as their littermate

controls {about 2 vears).

"Unlike the dy-mutants, QX;j animals of both sexes can
breed with unafiected heterozygote mates, although affected
males do so with considerably less success than their normal
'counterparts as they are hindered by the extended hindlimbs
{(Younger and Silverman, 1984), A sign common to both
genotypes ls the spontaneous twitching,observed 1n"ihe
hindlimbs ‘of these animals. This is bécause most lumbosacral
spinal root axons are thinly myelinated near both the spinal
cord and the exit from ﬁhe_spinal canal, and are bare in
midroot (Bradley and Jeukinsoh, 1974; Bray and Apuayo, 1975;
Stirling, 1975). These juxtaposed b&re axons were shown to
transmit impulses from one to another by ephaptic transmission,"”
and to be the sites of spontaneous impulse beneration
(Rasminski; 1978)., The impulses occur as single isolated
events, in bursts of frequencies of up to 100 Hz, or as
continuous activity persisting for several minutes in single
axdns. The effect of this neural acrivity cannot be ignored
when discussing the pathological changes in dystrophic mouse

hiondlinmb muscles. N

The other two Inherited myopathies in the mouse “are

myodystrophy, an autosomal recessive disorder whoselgene

11
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(mvd) is on chromosome 8 (Lane et al., 1976), and an

X-linked muscular dystrophy (mdx), recently described by
Bullfield Q} al. (1984). 1Im the case of the nyvodystrophi.
nouse, Rayburn and Peterson (1978) have reportod the occur-
rence of amyelinated axons in the wventral roots at the level
of the'lowér_lumhar and sacral vertebrae. Thé extent of this
amyelinatign is considerably less than that reported for the

dy and dy’

genetic fault. TFew studies have been perforued on the md ¥

animals. Nonetheless, it points to a common

strain, however one report by Dangain aud Vrbova (1984)
points out that this disease involves a massive degeoneration-
regeneration of musele fibres at 3 to 4 weeks of age with an
almost complete recovery, so that it probably is not a good

model for Duchenue’s dystrophy,

Several biochemical studies have becn purformud‘un the
dy/dy and dsz/dyzj strains of mice in an attempt to detoer-
mine at what level of the biochemical machinery the defoect
occurs. These have becn reviewed by Strickland et al.
(1979), who coﬁclude that most, 1f not all, of these chanpes
were secondafy manifestations of the disease. Because the
hindlimbs of these animals appear to be more severely ni-
fected than the forelimbs, attention has focused primarily ou
the pathological changes which taku'p]acc in the hindlimb
muscles. The forelimb muscles also show clear sizns of
dystrophy in both the dy/dy (Rowe and Goldsplﬁk, 1969
Nwoje and Goldspink, 1982) and dy;jjdyzj (Parry and
Nesypris, 19873, 1984; Jasch and Moase, 1985) animals.

Among the functional changes obscrved In the fast-twitceh
muscles of the dystrophic mouse 1Is the prolongation of ths
isometric twitch (Brust, 1966; Douglas and Baskin, 1971;
Harris and Wilson, 1971; Harris and Montgomery, 1975, Parslow
andrParry, 1981; Bressler et al., 1983). There also appearsy
to be a marked 1ncreasc in the level of oxidative metaboliun
in the hindlimb muscles as judged by histochemistry (Dribiu
and Simpson, 1977; Silverman and Atwoand, 1980; Parry and
Parslow, 1981). According to Silverman and Atwood (1980), the
‘change in oxidative capacity s associated with the altered

level of activity scen in the hindlimbs of dystrophic mice.
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This suggestion Is reasonable in light of studies in which
artifgcially impbsbd chronic stimulation 'of normal fast-
twitch nuscle was shown to produce slowing of the twitch
(Salmons and Vrbova, T§69; Salmons and Sreter, 1976}, in-
creased levels of oxidative enzymes (Pette et al., 1973), and
syntﬁesis of myosin iscenzymes that are characteristically
found in slow-twitch muscle (Sretgr et al., 1973; Salmons and
Srcter, 1976; Pette et al:, 1976; Pette and Schnez, 1977;
Rubinstein et al., 1978). Similar changes can be induced by
increasing muscular activity wicth endurance-type excercise
(Green ct al., 1983, 1984).

These observations led Parry and Desypris (1983) to
questlon the extent to which the iprious_changes reported 1in
the hindlimb muscles of the dystrophic mouse might be related
to the altered activity pattern rather than to the djstrophic
process itself. Since the forelimb muscles of the dystrophic
mouse do not exhibit spontaneous twitching, Parry and
Desypris (1983) made use of this eriterion as an internal
cantrol to examine the role of acrivity im nmodifying the
cffect of dystrophy. They looked it the phvsiological and
histochemrical properties of forelimb and hindlimb muscles
from dystrouphic mice of the C57 BL/6J dy"J/dy ] strain.

Using polyclonal antibodies against slow myosin and im-
munohistochemistry, they were able to show the presence of
slow myosin in many fibres of the hindlimb muscles in these
mice, whereas forelimb mhscles did ot have slow myosin-
containing fibres. The normally fast-twitch hindlimb muscle,
Extensor Digitorum Longus, showed a considerable prolongation
in the time to peak tension during a single isometric twitch.
The forelimb muscle Extensor Carpi Radialis Longus also
showed a slight prolongation in its time to peak tension, but
the time to half relaxatlon was as prolonged as in the EDIL |
muscle. The rate of relaxation in an isometric twitch is
generally considered to reflect the rate of calcium uptake by
the sarcoplasmic reticulum. Prolonged relaxation appears to
be a characteristic feature of the dystrophic process in the
€57 BL/6J dy"J/dy J mouse, since it occurs in both hiandlimb
and forelimb muscles. The more significantly prolonged time

to peak twitch tension of the, hindlimb EDL muscle was con-
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sidered to.reflect the presence of slow myvosin in thi;
nuscle. Parvy and Tesvpris (1983) sucggested that ¢ he <
spontancous twitching Hétivity observed in the hindlinmbs as
result of amvelination of the spinal roots was responsible
for the induction of slov mycsin svathesis. ’

. g .
Fitzsimons avd Hoh (1983) have aleo reported the QPPUJF;LH
ance of slow ryosin in fast-twiteh hindlimb muscles of
dystrophic mice of the 129 REJ dy/dy strain by means of
pyrophosphate gel electruphoresis of native myvosins,  Thene
authors did not look al the Tfereliwb muscles in Lhese
animals, and althouzgh they sugeest that amyclination mﬂy b
responsible for slowing of contractile properties and the
shifv in is:)ﬂ}'o.c.in distribution, their explanation that .
amvelination Tilters out hiph-frequency dnpulses seens tenuous
in light of the koown patterns of neural discharye in these

nmice (Rasminsky, 1978),
Parry and Desvpris (1985) bave re=evaluated the of feetd or
spontancous neural discharye on-the ozidative capacity of

.

fast—twitch muscles in (dyjj) dystrophic micce, Thdy deter-
mined the succinic dehydrogenase activity of forelinh and
hindlimb nmuscles of the dystynphic mouse.  When this woas
expressed In terms of milligrans of “true muscle weisht”,
nelther forelinb nor hindlimb museles shoded a sipnificant
increase when comparced to nuscles from noruwal mice.,  The
changes in SDH histachemistry (from a mosaic patiern in
normal mice to a uniforn one in.dystrophic mice) were similar
in both forclimb and hindlirh muscles, This jndicates Lhat
spourtaheous neural discharge is not responsible for thesc
histochenical changes, nov does it produce an inereasc in the

oxidative capacity of these muscles.

The question remains oy to Qhut extent thits pattern of
neural discharge-is involved In the transformation of fasi-
twiteh muscles in dystrophic mice. 1 have uded three dif-
ferent appreaches to characterize further the patholopical
changies in skeletal muscles of the €57 WA dsz/djzj '
mqpso..'A'prcliminary study looks at SDS polyacerylanide pol

pattern. of the myosin Llight chains fron forelimb and hindlimb
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muscles of normal and dystrophic mice at various ages during
adult life. This_was followed by a more thorough examfnation
using an 11ﬁunohlstochem1cal technlque (with monoclonal
nnL1bod:eq to my051n heavy chain 1soenzvmeq) for muscles:
tiken on one side of the animal, compared o the pyrophosphate
el patterus of native myosins extracted from the cor-
responding contra]agcral muscles. If a progressive neurally-
medjated transformation from fast to slow type fibres is
involved in the siowing process of dystrophic hindlimb
muscles, not only should there be a lack of slow myosin-
cnntaining fibres in the forelimb muscles, but increasing
levels of slow myosin In fast-twiteh hindlimb muscles.
Hyhrid‘fihres, containing both fast and slow myosin, should
be seen as an indicationlkhat this transformétion i1s takirng

place,



MATERIALS AND METHODS

- Protein Extraction

A~ Myosin Purification for Lisht-Chain Charicterization

Hindlimb (Tiblalis Anterior and Soleus) and foreliab

Extensor Carpi Radialis Longus) muscles of normal €57 Kl/6J
and dystrophic C57 Bl/6J dyzjfdy:j mice aged 2, 4, 6, § ami‘
12 months were surgically excised and used for the purifica-
tion of myosin according to the procedure described hy Dalla
Libera-et al. (1978). ‘Homologous muscles from several (>3)
animals were pooled to give sufficiently 1drge.L155uc
samples. The tissue was weipghed and washed three tiwmes in
three volumes (3 times the wefght)_of co¥l 4U mH KCl.  The
muscle was thoen finely minced with scissors in ten volumes of
caold 40. oM K L and thcp f:}ther homogsnizcd wilh a Polytron
PT-20 homogenizer for a 5 second periad. The suspension was
then centrifuged at 3000 RPM for 10 minutes in an Ilaterna-
“tional B-20A (IEC B-20A) centrifuge. The supernatant was
discarded and the pellet resuspended in 10 volumes of 40 mM .
FCl and centrifuged three times to ensure the olimination of
proteins soluble in low ionic strenpth HKCl. After
centrifugation, the washed pellet was blendéd tn ahout 25
voluaes of 0.3 M KC1, 10 mM Na=-ATP, 5 oM miznesiunm chloride,
U.1 oM dithiothreitel (DTT), and 0.15 M potassium phosphate
buffer (pH 6.5). Myosin was extrvacted from the suspens ion
for 20-30 minutes with constant stirring in the cold room {ar
4 Celsius). The muscle extract was centeifuped for 19-15
minutes in the IEC B-20A cuntrifuge at 18,000 RPH. The
supernatant was dialyzed overnipght against several clisnuges of
a solution containing E0 mMM KCl, 0.1 mM DTT, and I wmM Tris—-
HC1 (pll 7.2).

The next day, the myosin precipitu&g in the dialysate was
collected by centrifugation at 18,000 kP for 10 minutes in
the IEC B~204A centrifuge.“fhis was further purified by re=-
suSpgnding the pelliet in 0,6 M KCl and reducing the ionig

strength to 0.3 M KCl by adding an cqual volume of water I[n
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erder to precipitate the undissociated actomvosin by
centrifugatton at 1000 RPM for 10 minutes in the IEC B-20A
centrifuge. Myosin was precipitated from the Supernatant'
solution by dilution with cold distilled water to a final

concentration of 40 mM KCl, and by centrifugation at 3090

- RPM for 10-20 minutes on the TEC B~20A centrifuge. The

purified myosin was dissolved in a small volume of 0.5 M KC1,
0.1 mM DTT, and !0 wm" Tris-HCl {pH 7.6). To this was added

an eaual.valume of cold glycerol and the mixture was stored
at =20 Celsius. The myosin concentration was estimated by
the method of Bradford (1976) using bovine serum albumin
(85A), dissolved in the glycerinated purified myosin salvent,

)
as a standard. .

8- Crude Myosin Extraction for Native Isoform Characterization

The Anterior beialis, Soleus, and Extensor Digltorum
_Longus mdScles of the hindlimb and both the Extensor Carpi
Radialis Longus and Brevis muscles of the forelimb were
removed fromjone side of the mouse (either the right of the
lefr side) and placed on labelled weighing boats in a small
volume of 0.9% saline on ice. For each age group of 2, 4, 6,
8, and 12 months, at ledst two mice were used in the case of
normal mice (for a total of ]l mice) and for dyétrophics, at
least three were Qfed (for a total of 17 mice).

Homologous contralateral muscles were also excised and
placed on an histology chuck with OCT compound and immersed.
in melting isopentane cooled in liquid nitrogen. The samples
were stored at -70 Celsius until used for immunohistochemis-
try. Crude myosin was extracted according to the method of
Mapuchi et al. (1982). Individual muscles were placed in
Eppendorf microcentrifuge tubes with 30 microlitres for each
.millinram muscle of a solution contalning 50% glycerol, IZ.
'-Q—mercqptoethanol 5 mM DTT, and 50 mﬂ sodium pyrophosphate,
pi 8.9. These were kept at 4 Celsius in a refrigerator for
two days, after which the muscle was removed and discarded.

The extract was stored at ~-20 Celsius.
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2- Electrophotretic Techniques.

A— SDS-PAGE of Myosin Light-Chains

The light-chains of purified myvosin were gharacterdzed an
polyacrylamide gels according to the method of Lacumli (1970).
The gels were set up either with or without 4 stack{ng gel, as
follows: A mixture containing 10 ml of water, 12.5 ml of a 0%
Stock Acrylamide solution (29.6 g Acrylamide and 0.4 p BIS
[N;N’—MethyLene-bis-acrylamide] in 100ml water), 7.% ml of
"Lower Tris" buffer (containing 18.17 g Tris and 0.4 p sodiunm
dodecyl sulfate [SDS] dissolved in water, titratcd with HCI
to pH 8.8 and made up to 100 wl), and 90 microlitres of a
freshly prepared ammonium persulfate solution was placed in a
sidearm flask and degassed with a Vacuum. After 5 ninutes,
30 microlitres of TEMED (N,N,N',N'-tetracthylmgthylonudtaminc)
were added to initiate polymerization. The solution was then
quickly poured between 2 zlass plates separated by a spacer
at either end. When a stacking gel was used, the scolutlon
was poured to within 4.5 cm from the top and 2 ml of water
were carefully poured on top of the acrylamide to form a-fluL
surface at the acrylamide-water interface. Othcrwisé, the
acrylamide solution was poured to the top of the plass plates
with a Teflon combrinsértud to produce wells once the
acrylamide had set. 1In both cases, art least unu'hour Wi

required for adequate polymerization of the gel.,

. When a stackinéﬁgel was used, the running gel was prepared
as described above. The water overlay was removed and the
stackihg pel acrylamide solution was poured onto the running
gel with a Teflon comb used to form wells in the acrylamide.
The 4 % acrylamide stacking gel solution consisted of 6.5 ml
of water, 1.0 ml of 'stock acrylamide, 2,5 wl 0f ”Uppu5,Tr£5”
(containing 6.06 g Tris, and 0.4 g SDS dissolved (n water,
titrated with HC1 to pH 6.8 andmade up to 100 wl), and 40
microlitres of 10 %2 ammonium persulfate. 'This solution was
degassed for 5 minutes and polymerization was initiated with
20 microlitres of TEMED. After one "hour, the Teflon comb was

removed :nd Running Buffer (diluted 1:10 from a stock con-
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taining 30 g Tris, 144 g glycine, .and 10 g SDS dissolved ia
water, titrated to pil 8.8 with HLL and made up to 1 litre)
was poured into each well. Using a 100 microlicre Hdmil;on
* syringe with one and a half inch gauge ng;dles, aliquots
(approx. 5 microgfams of protein) were overlaid oanto cach
well. Six low molecular weight standard protein markers
purchaséa from Bio-Rad were also rua to estimate the relatlve
molecular welghts of the myosin light chains. The light

chains were identified from their relative molecular weights.

The gels were run in an LKB electrophoresis apparatus us{ng
the LKB 2002 Power Supply. When a stacking gel was used, the
sel was run at 20 mA (constant current) per gel, until the
buffer front, visualized with bromophenol blue, reached the
running gel. The current was then turned up to 25 mA per
“gel, and the gels were allowed to run for 3~4 hours until the
bufier front had rcached the bottom of the gel. When.gels
were run witﬁout a stacking gel, the same procedure was
followed, except that the current was initially set at 25 ma

per gel. In general, duplicate gels were run simultaneocusly.

8~ Sodium Pyrophosphate~buffered Gel Xlectrophoresis of
Native Myosins 7 ,
_Elecfrophoresls of native myosin was carried out under
non~denaturing conditions essentially according to the method
of Hoh ct al. (1976) except that the running buffer was that
used by Butler-Browne and Whalen (1984), and géls were 4% or
4.5% total acrylamide run for 10-12 hours at 150 V (constant
voltage) at 3 Celsius. The electrophoresis buffer was ,
composed of 20 mM sodium pyrophosphate (pH 8.8), I mM EDTA,
and 1.4 mM 2-mercaptoethanol. Slab gels were cast by pouring
a fresh solution contalning 10 ml running buffer, 10 g
slyceral, 3.88 g acrylamide and 0.12 g Bis (for 4% gels) or -
4.365 acrylamide and 0.135 g Bis (for 4.5% gels), made up to
100 ml with distilled water. 500 microlitres of 10% ammonium
persulfate were added and the solution was degassed for 5
minutes, followlme which polymerization was initiated with

the addition of 100 microlitres of TEMED. Stacking gel was
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not required. .Isobutanol was placed at the uir—ncryiumtde
interface o ensure an oxygen-free environment for projer
formation of wells. After one hour of polvmerizacion, the
Teflon combdbs were removed and cold running buffir was used to
£LLl the wells. Aliquots of native myesin extract were
placed in each well and the slab gels wercrplaced ta the vold
running buffer and allowed to equilibrate for 30 minutes
prior to the run. The ré¢nning buiffer was ceoled with a
water-glycarol mixture refrigerated to 0 felsius flowinn
through a glass heat exchanger in parallel with the pels.

The buiffer tanx was nlaced inea bath of crushed {ce, and the
temperature of the running buffer was maintaited at ap-
proximately 3 Celsius, ranging from 1.5 to 4.5 Celstus.
During the run, the buffer was rccircuiftcd with a peri-
staltic pump from the lower to the uppurhzhﬁﬁﬁé?, which was
allowed to drain back into the lower chambor, Ehus ecasuring g

relatively constant bhuffer pll,

i

3- Staining of Gels
A- Coomassie Brilliant 3lue B=250

Following SDS-PAGE of myosin light chalns, gels were
staineq either in Coomassie Blue R-250, or were fixed In 107
acetic acid, 504 methanol in water for silver staining.  The
Coomassie Blue R-250 stain involves soaxing the sel In g
sclution of 7% acetic acid, 102 merhanol in water with D17
Coomassie Blue R-250. The staining. solutlon is filtered
prior to use with Wha#man no. 5 filter paper. The pel s
allowed to soak for 30 minutes fn the statn which s then
replaced with a solution of 7% acetie acid, l1ul methaanol in
water. The gel is agitated on a shaker bath with a plece of
folded tissue paper placed in the solution to moji-up the
Coomassie Blue. The gei is destained by replacing the tlssae
paper repchteﬂly until the desired backyround inLQnsity is
rcached. Followiﬁg Coomassie Blue stalning the gel can alsgo

be silver stained for Increased sensitivicy.
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3- Silver Staiuing

Two sfilver stalning techn}qués wvere used to visualize the
protein bands in polyacrylamide gels. The first was used for
the analysis of myosin light chains from the purified myosin
extracts, and is derived from the‘méchod of Merprfil et al.
(1981). The proteins in the gel are fixed in 3900 methanoi,
.IDZ acetic acid for 30 minutes, and excess SDS in the gel is
rexoved by three 200 ml, 10 minute rinses of 107 ethanol, 5%
acetic acid. The gel 1s then soaked for 5 minutes in 200 ml
of a solution of 3.4 wM potassium dichromate and 0.0032 ¥
nitric acid, followad by three washes in 200 ml of delonized

- water. The qel is placed Iin 200 ml of 12 m} éilver nitrate
for 30 minutes. This is féllowed by a 1 -minute rinse in o
deionized water and three 5 minute rinses of image developer
solution which conststs of 0,28 ¥ sodium carbonate and 0.5 ml
of 37% formaldehyde per Iitre. When the ihage had reached
the desired intensity, development was stopped by adding 400
ml of 5% acetic aéid‘fof 5 minutes. The gels were rinsed in

deionized water and stored in zip-~lock freezer bags.

_One disadﬁantage with tﬁe above technique was that, to
achieve 'maximum staining sensitivity, the gzel had to be
exposcd to rclutivelf intensejuniform light during the first
5 minutes in silver nitrate. An alternative method for
silver staining is.that of Morrissey (198i). This method
produces staining which is more constant from gel to pgel and
1s independent of\lighting conditons. SDS-PAGE was repeated
for some of the purified myosin extratts. These gels were
stained according to the Horrissey technique. Gentle but
thorough agitation of the geéls was obtained by means of a

——Ihomas Rotating Apparatus. The gel is prefixed in 50Y%

. methanol, 10% acetic acid for 30 minutes, followed by a 30
minute soak in‘Sx methanol, 7% acetic acid. The gél 1s then
fixed in 10% glutaraldehyde for 30 minutes, aﬁd then rinsed
in running delonized water for at least two hours. After the
rinse, the gel is soaked in a 5 microgran per litre solution
of DTT for 30 minutes, followed by 0.1% silver nitrate for 30
minutes without rinsing betﬁeen the DTT and the silver nit~

rate step. The silver nitrate is then discarded and the gel

[ 3
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rinsed briefly in distilled water. The gal is deviloped by
soaking 1in a solurion of 3% sodium carbonate to which {s aldid
50 microlitres of 377 formaldehyde. Two rapid rinses in
developer are followed by a longer soak (approximatiwely 5
minutes) until the gel 1is stained to the desired lovel of
intensity. De&elopment {s stopped by adding 5 ml of 2.3 M
citrie acid directly to the developer and apitating for U
minutes. The solution is then discarded and the gel is
washed several times in distilled water over a 30 minute
period. The gels are then stored in zip-lock freezer baps.
All volumes were 100 ml except for the plutaraldebvde step

which was 75 nl.

C- Coomassie Brilliant Blue G-250

Sodium pyrophosphate-buffered slab gels of nitive mynsin

were stained In 0.04% Coomasie Blue G-250 in 3.5% perchloric

» acid accordi;g to the metﬁod of Reisner et al (1975).‘4Thv
Coomassie Blue G-250 stain is prepared by dissolving H.4 3 of
Coomassie Blue G-250 in 1 litre of 3.5% perchloric acld
(prepared by diluting 58 ml of a-601 perehloric actd stock).
The stain 1s left on a hagnetic stirreijoverniuht and filtered
the next day with Whatman no. 5 filter paper. To stain a jpel
with the G-250 stain it 1is simply dropped tn 100 ml of the
solution and agitated mildly for a few minutes. The proteln
bands stain progrgssively darker and reach a plateau of
intensity. The background stains a light orange color and
‘therefore this technique does not require a dcstn[nlhﬁ step,
For storage, gels are placed in zip-lock freczer hig s wplnh

are heat scaled to prevent them from leaking..

4= Tmmunohistochemistry with Monoclenal Antibodies
Muscles removed from the contralateral side of the musales
used for crude myosin extraction were kept at -7U Celsius
-
embedded in frozen OCT compound on an histology chuck.
To section the tissues, the chuck was transferred to the

cryostat microtome and allowed to warm to -20 Celsius for 30

“
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minutes, after which 8 micrometre scctions were cut and
adsorbed to subbed microscope siides. The sections were
allowed to dry and imnunchistochemistry using six monoclonal
antibodices applied onto 6 sect;bns pér slide, respectively,
was:carriud out using the peroxidase anti-peroxidase (PAP)
metﬁod‘with diaminobenzidine (DAB) as the chromozen in a manner
sin&lar to that described by Bourne (1983). The Pa?
technique is schematically represented in Fig. 3.

! . o

- - R

PAP Complex !
P ‘qksrﬁ?
D

- Qq\-'-_

"1link" antibody — /m

v

Primary antibody - — ;ﬁil\‘
: AN

Antigen . ;AA

Fig. 3 The peroxidase anti-peroxidase (PAP) method. This
method utilizes thfee reagents: primary (monoélonal) and
secondary anﬁibodies, and PAP Complex— comﬁrised of the
enzyme peroxidase and an antibody against peroxidase.  The
primnfy antibody is specific for the antigen (in this case
myosin heavy chain). The secondary or "link" antibody binds
to both thb primary and to the'PAP Complex, because both are

produced in tﬁ_’sgme animal specfes. Functionally, the link

antibody 1s added in excess so that only one of its Fab

(fragment wnfigcn binding) sites will bind to the primary,
leaving the other Fab site frce to bind to the antibody in
the PAP Comnlex. The peroxidase énzyme is visualized via a
substrate~chromogen reaction (in this case, hydrogen peroxide
and diaminobenzidine). (Reproduced from Bourne (1983) wich

permission)
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o Once the sections ware dry, they were rinsed in a phosphate-
buffered {(pH 7.4) 0.9% saline solution (P5S)Y 3 times for one
niaute and tien once for 5 minutes. The slides were removed
from the PBS and excess.PBS was removed carefully with tissue
naper. When the sections were dry, 10-20 micvolitres of primary
{monoclonal) antibody {(diluted 1:20 with 5 ESA In PRS) wene
used to cover each section, which weke thea incubated ia a
moist chamber at ambient temperature for 16-18 hours. The

reactivity of each antibody is given in Table L.

Table 1 Reactivity of Monoclonal Antibodies

to Type—-specific Myosins. .
-
Fiber Tvpe

mAb - e : 1 I1A IIH I1X mbhryante
BF 45 - - - - f

BF -’-"6 '{‘ - — - }

BF 32 + - - -

BF 34 - + t+ |

RF 35 + - v

BF F3 - - k - t+

+ indicates a positive reactivity; - indiciates no reactivity

The mabs were the generous gift of Dr.  &. Schialtino,
Institute of General Patholdgy, University of Padova, -

Padova, Italy.

The next day, the slides were. agaln rinsed in Pi5 three
times for 30 scconds and once for 10 minutes to remove the
unbound antibodies. The slides were then removed from Lhe PRS
and excess fluid was removed from the sectlons. A sceondary

tH

(polyclonal) or "link rabbit anti-mouse antibody

(diluted 1:20) was used to overlay cach section., After a oae
houf incubation in a moilst chamher at room temperature, the
slides were agaln rinsed in PBS. Again, the slides were
removed from the PBS with excess fluid removed, and Lhe PAP
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antibndy (diluted 1:59) was added to each section. This was

incubated i a molst chambgr at room temperature for one hour
and then rinsed in P35S, The sections were developed in DA3B
(ihﬁ me DAB for 100 ml P3S) and hydrogen peroxide (109
micfolitrus of a 30% stock.for 100 ml 0.1%7 DAB). The hvdrogen
peroiidé is added to the DAB solution just prier to use.

After 5 ninutes, the color development was stopped by a 10
minute rinse in running tap water. The sections were then

dehydrated in 955 ethanol with two 1 wminute soaks, and then

[+

by two | minute soaks in 995 ethanol, followed by two
rinute soaks in xvlene. The slides were removed from the
xylune and a few drops of Permount were placed on the sec-

tions which were covered by a cover glass.

5- Statistical'ﬂnulysis

Fibre counts were obtained from‘sections of Soleus stained
with monéclogal antibodies fypm which four categories of
fibre types were obtained: ‘pure’ Type I fibres, ‘pure’ Type
ITA fibres, liybrid (I+II) fibres, and Type I[IB fibres. A
two—factor analysis of variance was performed losoking at the
effects of animal type and age as well as any interactions.
Statistical analysis was performed on the Uriversity of
Octtawa HMainframe Computer‘using the SPSS-X ﬂ}ogrum in con-
sultalon with Dr. C. Dulberg of the Department of

Epidemiology.



RESULTS
SDS-PAGE of HMyosin Light Chains

Anterior Tibilalis Purified nmyosin from pooled auscles or
normal and dystrophic mice was analvzed on 12,37 Shi=burrered
acrvlamide gels for mice aged 2, 4, 6, S, and 12 months. At

2, 4, and 6 months slight differences were noticed botween
normal and dystrophic gel pattervus (Fig. 4a, b and Fig.

5a). LC3f levels appeared low:r in dystrophlic AT and slow
light chains ware aot detected at.thcsc aves. At 8 months,
‘however, the lizht chalns characteristic of slow muscle, LCls
and LC2s, are scea in the dystrophic AT (Fig. 5bh). A 12
months (Fig. 6), these light éﬁﬁins are even mare obvious in
the dystrophic AT. There appears to be a small amount of LUls
In the normal 12 month AT myosin. In a preliminary report
(Parry and Stewart, [985) based on crude densitomotric seans
of gels silver stained with the method of Mervil (1941), we
propesed that LCls appeared sooner than LCIs In dysirophic
AT, However, a conclusive statement Is not vet posstble since
the relative intensity of silver staimed protelns van vary
within a given gel with the Herril technique and this makes
the densitometry scaans unreliable (see Fip, 6, the pel far
12 month old mice).

Soleus For the same age yroups, dystrophiec Soleus shows a
slight decline in the relative intensity of slow lipht chalns
as compared to the normal Seleus (compare 2, 4, a2 6 month
dystrophic Soleus wjith normal Soleus). ‘At 2 meaths (Fig.
4a), % months (Fig. 4b), and A months (Fig. 9a), there also
appears to be lpss LC2s relative to LCLs tn dystrophic Sole-
us. In the normal mouse Soleus, there (s lirgle ehap e In
the relative levels of these light chains with ajge, The 8
month purifled myosin extract of dystrophic Solens was too
diluté (rig. 5b). At 12 months, there 1Is no lonper a dif-
ference in the relative staining intensitics of the slow and

fast light chains,

Extensor Carpi Radialils Longus The ECRL dors not show any

sign of either LCls ov LC2s, nor does there appear to be any
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significant change in the relative intensities of the fast

S

lizht chains at any of the age groups of dystrophic animals.

Il

These results are summarized with the other data in Fig. 48,
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Fig. & SDS—PAGE of purified mvosin from (A) 2 mouth and (H) 4
month old normal and dystrophic mice. AT, Anterior
Tibialis; SOL, Soleus; ECRL, Extensor Carpi Radialis
Longus. LCls’, LCls, and LC2s are the light chains of
slow muscle, and -LClf, LC2f, and LC3f{ are the light
chains of fast muscle. Gels A (normal) and B were silver
stained ‘according to the method of Morrissey (1981) and
N gel A (dystrophic)—ﬁzcording te Merril (1981).
" In B, dystrophic ECRL muscle myvosin extract did notftntain
enough protein’to ;%ow band§ at this level of stainiog

intensity. s

™~
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Fig. 5 SDS-PAGE of purified myosin from (A) 6 nmonth and (B) 8
month normal and dvstrophic mice. In hoth A and B the
gels were silver stained according to the method of
Morrissey (1981). Note the appearance of LCls and LC2s
in AT of dystrophic mice aged 8 menths. In B, the mvosin
extract fer 8 nmonth dystrophic Soleus muscle was lost duriap

preparation.
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SDS-PAGE of purified myosin from 12 month old normal and
dystrophic mice. The gel was stained according to the

method of Merril (1981) (note the pale core of certain

bands). )
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Immunohistochemistry of Muscle Cross-sections

Monoclonal antiboedies were overlald on 8 micrometer cross—
sections of AT, EDL, SOL, and ECRL and 3 grouped tn;bthor un
an histology chuck. he monoclonal antibodies” specifilcities
are indicated in Table 1 of Materials and Methods. The
an:i~Type'I (slow) myosin heavy chain specific ancijjody, 8F
46, was found to cross-react with emﬁrfonic-ﬁybsin hcuV}
chain. This antibody appears in each A-labelled micrograph.
The anti-Type II (fast} myosin heavy chain-specific antibody,
BF 34, pave a positive reaction with all fibre Types except
Type.I fibres which consist of only slow myosin heavy chain
(“pure’” Type I fibres). This antibody appears in all micro-
graphs labelled B. The BF F3 antibody is specific ta Type TIB
myosift heavy chain, but also reacts with embryvonic myosin
heavy chain to a lesscer intensitv., This antibody is the one
which appears in micrographs labelled €. The BF 45 antibody

i

is specific to embryonic myesin heavy chain., It is the.
antibody used in micrographs labelled D. The anti-vmbryoenic
myosin heavy chaiﬁ antibody does not cross-react with Type [
mvosin heavy chain.

Two of the antibodies, BF 32 and BF 35 were not included
In the Results because they did not add to the informacion
obtained with the gther antibodies, BF 34, BF.46, and BF F3.
The BF 45 antibody was only shown Iin those cases where con-
firmation of rthe ?fesence of embryonic mydsin, rather than
- Type I-specific myosin, was required. The Photomicrographs
were taken on a Zeis microscope using a Neofluar 16 or a
Neofluar 40 lens to give an cnlargcmcg; of 160 times or 400
times, respectively, with a zimes 10 oéulnr. Staining was
considered positive when a granular dcposit.uas scen on
muscle fibres., '"Negative staifning" refers to intensities
which are equal to background. oo

-

Areas sampled In photomicrographs wére taken as re-

Y

presentative of the whole musele or the reglon of ilnterest in

a muscle. Fibre counts were done in the case of the Soleus
nuscle of normal and dystrophic mice aged 2, 4, and b months

of age and revealed consistent data (refer to Appendix}. In
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. S
general, immunohistochemical data and native myosin gel-data

.

are from tff same animal. 7 - Coe

_Soleus The Soleus muscle of normal and dystrophic

micewgged 2, 4, 6, 8, and 12 months were examined for their
immunohistochemical profile (Fig. 7-16). The normal Solaus
muscIe consists of fibres which stain positive with the
anti-Type I antibody, and other fibres which do not stain
with this antibody (For example, Fig. 7a). The fibres which
do not react wirh the anti-type I antibody react with the
nuti-fype IT angibody (Fig. 7b)., Fibres which do .not stain
with this antibjﬁy do-not coitain any fast myosin heavy chain
and correspond to the positive fibres stained with the anti-—
) Type 1 antibody. Hybrid fibres, which show positive staining
to both antibodies, are a common occurrence in the Solei of
younger mice (2 menths, Fig. 7a, b, twin arrows). These
most likely represent the fast-type fibres undergoing trans-
formation to slow-type fibres, a normal feature of the Soleus
post-natal development (Kugelberg, 1976). Beyond 6 months a
(Fig. 11}, hybrid fibres were rarely seen. At 12 months
(Fig. 15), none of-the fibres showed dunal sfaining'fof both
anti-Type I and-antiType II aptibodies..

The dystrophic Soleus shows a progressive 1055 qf.'pure'
Type 1 muscle fibres. Hybrid fibres, which would contain
both fast MHC and slow MHC, are scen throughout the post-
natal development of the dystrophic Solcus. The propertion -
of these ﬁlbres is seen to incfease substantially. At 12
months (Fig. 15a), only a few fibres are seen to .stain
exclusively with the anti-type I MUC antibody, the majority
of the Type I-positive fibres also show positive staining to
the anti-Type II1 MHC antibody. Since even at 12 hbnths
'pure’!&ype 1 fibres can be identified, it is not surprising
to finﬁ LC2s in the SDS-polyacrylamide gels of myosin f

-

purified from Sb}ei of 12 month old dystrophic mice.

I rarely (6 of 15 muscles) saw Type IIB-positive fibres in
normal Soleus (Fig. 13c5. The Soleus of dystrophic mice
aged 2 months (Fig. 8c), 4 months (Fig. 10c), and 6 months
(Flg. }2p) all show Type IIB-posltive fibres, ;hoﬁgh there

A :
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wore qnly a few in each casec. There scems to be a highc}

with Type IIB fibres In dystrophic nice
see Appendix). '

fre@uehcy of solei

(14 of 17 muscles,

Theﬂresults_are summarized with the other data in Fig. 43
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Soleus muscle on the upper left and Anterior Tibialis
muscle on the lower right from a normal mouse aged 2
months. In A, slow Type I fibres of the Soleus stain
dark with the anri-Type I antibody, BF 46. In B, the
Type I1 fibres stain dark with the anci—tjbe‘ll antibody,
BF 34, The Type 1‘\ fibres of Soleus stain more intens-

cly than the Type dybros of AT. The latter stain dark

ith the anti=-Type Tlﬁrantlhody, B¥ F3, in C, leaving a
few LIA fibres in AT unstained (arruw).‘ The fibres in
Soleus  which are lightly stained with the Type 1I1-
specific'anLiboLy (twin arrows) in B also show positive

staining for the Type 1 specific antibody in aA.
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Solcus muscle on the lefr and AT musclé.on the right from
a 2 month old dystrophic animal. The soleus is

jurtaposed to the oxldative region of AT. In A, the BF 46
antihody stains Type I fibres™in SOL as well as a few in
AT. Tn B, many fibres which stain with BF 46 also stain
with the anti=-Type 1I antlbody BF 34. 1In C, AT shows
positive staining in some fibres for Type IIb-specific
antibody, BF F3. '
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62
4 month normal Seoleus showing, in A, Type 1 fibres detected
with the anti-Type 1 antibody, which do not react with the
Type IT-specific antibody, BF 34, in B. In C, none of the
fibres staln with the anti-Type TIB antibodv, BF F3.
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4 month dystrophic Soleus showing a few fibres staining
with the Type I-specific antibody, in A. In B, two of
the fibres also appear to stain with anti-Qype II anti-

body (arrows). In C; one fibre shows some reactivity

with the anti-Type TIB antihody (small arrow).
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Fig. 11 6 month normal Soleus shows clear reciprocal staining in
A éhd,a with one exception {arrow), where both the _\?
antiType I and the anti-Type Il antibodies react. In C,

no Type IIB fibre is seen.
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6 morun;dystrOphic Soleus on the left and AT on the
right. Scveral intensities of staining are scen for
Soleus in A with the anti-Type I antibody. 1In B, some
of these fibres also reacted with the anti-Tvpe If
'5nt{hody {arrows). AT shows no ;Eaction to anti-Type I
antibody in A, and all fibres reacted to anti—Type'II
dngiﬁody in B, with sode of these appearing as Type IIB

fibres in C.
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Fig. 13 8 nonth normal Soleus shows clear reciprocal staining of
. Type T fibres in A and B. No dual staining was seen in
. this muscle for Type I fibres, however, a small number

of fibres did react with the ;nti~Type ITR antibody

(arrows) In C.
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Fig. 14 B month dystrophié Soleus. 1In A, many fibres react with
’ the anti-Type T antibody. In‘B, the majority of the
fibres show a positive reaction with anti-Type I} anti-
bedy and eonly a few of the fibres which react with
anti-Type 1 antibody in A show negative staining in B.

In 7, there does not appear to be any staining with the-

anti=-Type TIH antibody. .
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Fig.
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72
12 moath normal Soleus. In A and B, all fibres-show
reciprocal étaining. Fibres staining with anti-Type I °
antibody in A do not react with anti-Type TI antibody‘in
L, and vice versa. In €, only background staining is

svent with anti=Type IIB antibody,

1]



Ly

APt AT I )
NV R B RRY e B AP ,
3 atl' v‘ ,_r : ; .
C f} & A .' '
T ' _ '(
L 2 A 1 -

i
¢
l 1 |
\ N s SOEY
q ’ * ‘( ‘-u:""'-/
. v 4




Fig.

16

a, 74, . .
12 month dystrophic Soleus. 1In A, seéveral fibres show
positive staining for anti-Type I antibody, whereas in B,
only a few fibres are negative for anti-Type II antibody
(arrows)., In €, none of the. fibres react with anti-Type

IT B antibody,
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Anterior Tibialis Photomicrographs were taken of the
oxidarive region of AT muscle from norzal and dystrophic mice
aged 2, 4, 6, 8, and 12 wonths (Fiz.17. to 26). The oxidative
region of AT in normal mice 6cqastonally contalns a few Type
I fibres (Parry and Desypris, 1983) as seen in'Fig. 17a and
Fip.- 2la, but’ for the most %art it consists of a mixture of
- Type 1IA and Type IIB fibres. 1 have used a monoclonal
antibody (BF 46) which is known to cross-react with embryonic
myosin of regenerating fibres in cold-injured muscle§.(not
shown). The BF 45 antibody is specific for embryonic myosin
and does not cross-react with Type-1 fibres in Soleus muscle.
This, wherever uncertainty arose as to the identity of a
t1btc when detected with the BF 46 antibod), the serial
aecfion overlalid with the antl—embrjonic antibody was verlf-
ied for cross- reactivity. Fibres which were positive with BF
46, but negative with BF 45, were considercd to contaln Type
4 myosin and not the embryonic isofoerm.. The BF gﬁ antibody,
which is spectfic.for Type Il fibres, shows differential
stalning intensitles for the Tvpe I1A and Type IIB fibres. in -
normal muscle. 1In Fig. 17b, 19b, 21b, 23b and 25b, the Tvpe
I1A fibres are scen to stain nore intensely than the Type IIB
fibres detected with the BF F3 antibody. There are some
fibres which show.dark staining with BF 34 and also appear to
staln with the BF Firantibody. This is clearly seen in the 4
month (Fig. l9b,'c) and 12 month {(Fig. 235b, ¢) normal

Anterifor Tibialis oxid%?}wf“?bgion. .o
_ . p : S

Thruee obscrvations/ﬁan be madelcoﬁcerning'che pathological
chanpes in the oxidative repgion of AT in dysirouphic mice of
the €57 BL/6J dy2j/dy2j strain, .The firse is the increasing
appearance of Type I-positive fibres. From age 2 months to 6
donths (Fig. 18, Fig) 20, Fig. '22) ‘these fibrés dlso stain
-fur the anti-embryonic antibody, BF 45 suggesting that thesé
are regencrating fibrLs. \t B months (Fig. 24), not all Lhe
Type I-positive fibrLb stained with ghe.BF 45 antibody,
indicdtina the presence of slow mycsin, The 12 month
dystrophic AT showed a ‘number of Type I- positlvb fibres in
the oxidative rgglon. Many of these fibres were negqtive
with the anti- enonyonic dntibody The second observation is
that almost ull the Type I-positive fibres shpwgd a positive

- N
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reaction with the anti-Type II antibody. The third observa-
tion is that there is a progressive loss.of Type II B filres

from this region (compare Fig. 18c, 20¢, 22¢, 24¢, and 206c),

‘These results, are summarized with the other data In Fipg. 48,

-
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Fig. 17 2 month normal Anterior Tibialis oxidative region. "In

' A, several fibres stéin‘with the anti-Type I antibody
{small arrows). 1In B, ;ll'of the fibres show a positive
stain - with anti-Type II antibody, with the exception- of
the Type I fibres. In C, many fibres stain with the

anti-Type ILB antibody.
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) 80 . .
2 month.dystrophic Anterior Tiblalis oxidative region.
In A, a few flbres staln for Type I-specific antibody
(small arrows) whereas in B, all of the fibres show a
positive stain with anti-Type II antibody. In'C, a few
fibres 5tuiﬁ with adti~Type IIB antibody (large arrow).
In b, several flbres are seen with anti—embryénic anti-
body (small arrows) and correspond to the Type I-

positive tibres in A.

]
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Fig. 19 4 month normal Anterior Tibialts oxidative region. In A ‘

N . , Y L]

none of the fibres show positive stalning with anti-Type

I antibody. In B, all fibres stain dark with anti—fybc'
IT antibody. ~Some fibres stain more infepsely Chan

others, and are seen not-'to stain in C with the anti-Type

IIB antibody (small arrow). Some fibres show dark

staining jn B and intermediate staining in C {(large ' ot
o ALTOW). ’
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200 4 month dystrophic Ahﬁérior Tibialis oxidative region.
In A, a fey {ibres show positive staining for anti-Type I
antibody. In B, all fibres stain with anti-Type II
antibody, although no distincrion can be made to predict
those fibres that stain dark in € with the anti{-Type IIB
antibody. OCne fibre appears to stain for both antifType
1 and, anti-Type IIB éﬁtibodicSQ(large arrow). In D,
several fibres-;gain for anti*embfyonic antibody (small

arrows). These fibres were also positive in A. -
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Fig. 21 6 month normal Anterior Tibialis oxidative region. In 4,
one fibre stains positive with anti-Type 1 antibody, as
do intrafusal fibres of two muscle spindles (small arrows).
In B, -the majority of fibres stain with anti-Type II
antibody. Two of the Type I-positive inﬁrafusal fibres
also stain with the anti-Type II antibody (small arrows),
whereas ;he other intrafusal fibres do not. The extra-
fusal fibre which stained in A does not stain in B. ln ¢,

several fibres reac¢t with the anti-Type 1IB antibody.
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ng. 22 6 month dystrophic Anterior Tibialis oxidative

2

. -

Tregion., " In ..

A, several fibres stain with.dnti-Type I antibody,

whereas in B, all fibres stain with anti=-Type
except for two intrafusal fibres (arrow). “1n
intrafusal fibres shnw.positide staining_witﬁ
IIﬁ antibody (arrow), the othprifihrbs do_hot
In D, several fibres §taih for.unti*émbryonic

{large arrows).

~- .

It-antibody
C, only. two
gnti—TyﬁE

stainJ -

angibody
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Fig. 23 8 month normal Anterior Tibialis oxidative region. 1In 4,
none of the fibres stain with anti—}ype I antibody. In
B, all the fibres stain with anti~Type II antibody and in
€, many fibres which stained pale and diffuse in B stain
dark with anti—xzpe ITB antibody.
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Fig. 24 8 monthdystrophic Anterior Tibialis oxidative region.
In A, several small fibres‘stain:positive for the Type
. I<specific antibody (arrows)‘as does one larger fibre, "
however in B, only the larger fibre does not stain for
anti-Type Il antibody, all other fibres stain positive.
In C, bnly.a fe% fibres show staining with the:anti—Type
IIR antibody. In I, only the small fibres (arrows) stain

for the antli-embryonic antibody.
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Fig. 25 12 month normal Anterior Tibialis oxidative region. In

- A, none of the fibres stain with anti-Tvpe I antibody.
In B, all the Pibres are posltive for anti-Type Il anti-
body, however, the fibres which stain dark in B do not

show completely negative staining in C (arrow).
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Fig. 26

. N ’—7 - 99
12 month dystrophic Anterior Tibialis oxidative region.
In A, many fibres show positive staining with the anti-
Type I antibody, whereas few of these fibres if any stain
negatively with the anti-Type. IT antibody in B. In C,
none of the fibres react with anti-Type 11 B antibody.
In D, few fibres are positive with anti-embryonic anti-

body. Fibres which were pesitive in A do not stain in D

{arrows).
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Extensor Digitorum Longus The immunchistochemical profile of
the EDL muscle was determined for normal and dystrophic hmice

aged 2, 4, 6, 8, and 12 months (Fig. 27 to 36). Out of 12

normal mice used for inmunohistochemistry, only one aged 6

'months showed a small number of Typé I fibres (Fig. 3la) in

its EDL. As in the AT muscle, dual staining intensitx was
seen with the‘anti—Type 11 antibody (Fig. 31b, and 35b in
particular). Some fibres in normal EDL appeared to stain
dark with BF 34 and to show positive staining with BF F3, the
anti-Type IIB antibody. All dystrophic EDL muscles in eiach
nge group showed Type I-positive fibres (Fig. 583, 30a, 32a,
34a, and 36a). There were fewer'Type I-positive fibres in
dystrophic EDL than there were in the oxidative region of
dvstrophiec AT, however, as in ATox, these fibres were gener-
ally positive with the anti-embryonic antiBody at 2, 4, and 6
nonths of age (Fig. 28d, 30d, 32d). At 8 umonths (Fig. 34d)
and 12 months (not shown) few Tvpe I-positive fibres were
also positive with ﬁhe anti-embryonic antibedy. There was a
progressive loss of‘Type IIB fibres with age in the dystrophic
EDL muscle (Fig. 28c, 30c, 32c; 34c, and 36c). In the 12
month dystrophic EDL (Fig 36c) only a few Type 11B fibres
were seen. This is similar to the observed disappearance of

Type LIB fibres in the oxidative reglon of AT.

These results are summarized with the other data in Fig. 48,
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Fig. 27 2 month normal Extensor Digitorum Longus. None of the

fibres stain with Type I-specific antibody in A. In B,
all fibres are positive to anti-Type 1II antibody, whereas

in C, a2 few fibres appear to have negative staining with
anti-Type IIB antibody.
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Fig. 28 2 month dystrophic €xtensor DigitoFum.Longus showing in
A, many fibres with positive staining with anti-Type 1
antibody. In B, all fibres stain with Anti-Type II
antibody and in C, a few stain with anit-Type 118 .
antibﬁdy. In D, the small fibres thch were positive Iin A

also stain for the anti-embryvonic antibody {arrows).
. <
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Fig. 29 4 month normal Extensor Digitorum Longus. 1In A, none of

the fibres stain for anti-Type I ancibody, whereas in B,
all fibres stain for anti-Type I1 antibody. 1In C, ’

several fibres show positive staining with anti-Type IIB
antibedy. '
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Fig..30 4 month dystrophic Extensor Digitorum Longus shows a few
fibres staining wit; thelanti—Type I antibedy (arrow)
~which also stain negative with the Bnti-Type 11 antisody
in B. Other fibres stain dark for the anti-Type II anti-
body and in C, nonE of these fibres appear to stain with
the anti-Type I1B antibody. In D, several fibres stain
v, for the anti-embryonic antibody. The Type I-positive

-« fibre In A does not stain in-D (arrow).
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Fig. 31 6 month normal Extensor Digi;orum Longus. 1In A, two
fibres stain cleéarly wifh the anti-Type I antibody and
also appear negative with the anti-Type II1 antibody in B.
The qéher fibres show positive staiding for this anti-
body, with the paler fibres appearing positive with the
anti-Tvpe IIB antibody in C.
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Fig. 32 6 month dystrophic Extensor Digitorua Longus. 1In A, a.
few fibres show positive staining with the Type I-

- specific antibody, wherecas in B, all fibres show positive
staining with the Twpe II-specific antibody. In C,
several fibres stain with the anti-Type IIB antibody.:
One fibre stains in all three sections (arrow). In D,

several fibres stain with anti-embryoeonic antibody.
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Fig. 33 8 month normal Extensor Digitorum Longus. 1In A, no fibre
stains with anti-Type I antibody. In B, all fibres show
pnsitive staining with anti-Type II antibody. Several"
fibres which stain intens®ely in B alse¢ appear negative in
C with the anti-Type IIB antibody. :
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Fig. 34
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120
B month dystrophic Extensor Digitorum Longus. In A, a
féh'fibres show a positive reaction to the Type I-
specific antibody, and one of these fibres is negative
with the anti-Type Il antibody in B (afrow). in C,
several fibres appear to sfain with the anti-Type IIB
anfibody, aithough the level of stainfng intensity varies
from very pale to mo&érately dark. .In D; a few fibres
are positive for anti-embryonic antibody, but fibres

which were positive In A do not stain in D {(arrows).
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12 month normal Extensor Digitorum Longus shows no
staining with anti-Type I antibody in A.. In B, all the
fibres staln relatively dark with the Type II-specific
antibody, with those fibres showing a shérperrstaining
reaction appe;ring negative with the anti—Type.IIB anti-

body in C (arrow). . ' : "
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Fig. 36 12 month dystrophie Extensér Digitorum Longus. 1In A,
several fibres show weak vet positive staining with
anti~-Type I antibody and also appear pale with the anti-
Type II antibody in B (arrows). 1In C, none of the fibres,
appear to stain wiéh-the anti-Type 1IB antibody.
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" Exténsor Carpi Radialis Longus and Brevis The ECRL ané B

" puscles of the forelimb consist of a heterogenous population
of Type LIA and Type IIB fibres (Fig. 37 to 46). No Type
I-positive fibre was ever seen in either ECRL or B in normal
mice at any age (Fig. 37a, 39a, 4la, 43a, and 45a). In the
ECRL from a 2 month old dysirophic'mouse, several fibres {<10%)
showed a Tvpe I-positive reaction (Fig. 38a, 2 fibres shown)
which also appeared positive with the anti-Type Il antibody.
These fibres were alwéys small and showed positive staining
with BF 45, the anti-embryonic antibody (Fig. 38d). At 4
months, a few fibres in dystrophic ECRL still showed positive
staining with anti-Type i antibody (not shown), but these
also reacted with BF 45 in a serial section. Beyond age 6
months (Fig. 42a) no Type I-positive fibre was cver scen in
ECRL or B nmuscles of dystrophic mice. 1t is not possible to
come to a definitive conclusion concerning the relative
proportion of Type IIB fibres in dystrophic ECRL and B
muscles. However, as in dystrophic ATox and EDL, the normal
pattern of staining observed with the anti-Type IT antiboedy,
where Type IIA fibres stain more darkly than the Type I1lB
fibres, is not as clearly defined in dystrobhic ECRL and B.
For example, in Fig. 41 b, the 6 month ECRL shows three
fibres in the lower left corner which do not:;rdduce the
staining pattern expected with the anti-Type I1B antibody.

These results are summarized with the other data fn Fig. 48.

—
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_Fig. 37 2 month normal Extenscr Carpl Radialis Longus (top) and
Brevis (bottom). In A, none of the fibres stain with
‘the Type-1 specific antibody. 1In B, all the fibrés
stain with the Type-II specific antibody and in_C,

several fibres appear positive with the anti-TyptsLIB
antibody. ’
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2 month dystrophié Extensor Carpi
tom) and Brevis (top). In A, two
stain positive with the anti-Type
theseé fiibres also stain dark with
anLibody in B (arrow). in. B, all

Radialis Longus (bot-
small fibres appear to
I antibbdy, £hough

the anti-Type 11

other fibres stainéd

dark with this antibody. In C, none of the fibres

appear to staln with the anti-Type I1IB antibody. 1In D,

the fibres which were positive in A also stain for

anti-embryonic antibody (arrow).
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Fig.
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. 133
4 month normal Extensor Carpl Radialis Longus (bottom)
and Brevis (top). 1In A, none of the fibres stain for
anti-Type I antiboedy, whereas in B, all fibres stain for
anti-Type I1I, with some fibres staining more intensely
than others. The anti-Type IIB stained section in C
shows that ECRL contains a core of Type I1IA fibres.
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Fig. 40 4 month dystrophic Extensor Carpi Radialis Longus (top)

and Brevis {(bottom). ¢ In A, none af the fibres stain for
. the anti=-Type I antibody. ECRL appears more severely
affected by dvstrophy than ECRB, as seen by the extent of
_connect-ive tissue infiltration. 1In B, all the fibres
‘stain pesitive for anti-Type 11 antibody. In C, several
fibres are seen to react with antiType IIB antibody.

In D, only a few fibres react with the anti—émbryonic
antibedy. l
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Fig. 41 6 month normal Extensor Carpi Radialis Longus (bottom)
and Brevis (top). 1In A, all fibres are negative for Type
I-specific antibody. In B, all fibres react with anti-

~ Type 1I antibody, the paler ones showing up with the
ant".i-Type II8B antibody in C.
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6 month dystrophic Extensor Capfi Radialis Longus {(bot-
tom) and Brevis (top). In A, ﬁdne‘of-the fibres react
with anti-Type 1 ;ntibody. In B, all fibres show posi-
tive staining with anti-Type II antibody. In C, several
fibres appear with the anti-Type‘IIB antibody. In D, the
anti-embryonic antibody does not reveal any new positive
fibres other than those containﬁng Type IIB mvosin, to

which it cross-reacts.
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Fig. 43
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8 month notmal Extenor Carpi Radialis Longus (top) and

‘Brevis {(botton). In A, all fibres appear negative with

anti-Type I antibody. 1In B, these fibres all stain with
the anti-Type II antibody. 1In C, many fibres stain dark
with the anti-Type IIB antibody.
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Fig. 44 B8 month dystrophic Extensor Carpi Radialis Longus (top)
and Brevis (botiom) and AT (top left). 1In A, none of
the fibres stain with anti-Type I antibody. 1In B, all
stain with anti-Type II antibody and in C, two fibres {n
ECRB stain with anti-Type IIB antibody.
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Fig. 45 12 month normal Extensor Carpl Radialis Longus (bottom )
énd Brevis (top)l in A, none of the fibres staln with
anti-Type I antibody (compare with 12 month Soleus). 1In
B, all fibres stain with anti-Type II antibody. “In c,
seyeral fibres stain with anti-Type IIB antibody.
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Fig. 46
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S 149
12 month dystrophic Extenor'Carpi Radialis Longus {(top)
and Brevis (bottom). In A, none of the fibres staln
with anti-Type I antibody. In B, all fibres stain with
antiType IT antibody and in C, only 2 fibres stain with
anti-Type IIB antiboedy in ECRB.
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Sodium Pyrophosphate Gels of Native Myosin

ﬁ? Native myosin from the contralateral muscles u;ed for
immuﬁphistochemistry was Tun in a sodium pyrophosphate-
buffgred (pH 8.8) gel system. Fig. 47 1is a composite of
representative gels. :

Soleus. Native mvosin frpmﬂﬁormal and dystrophic Soleus
muscles preoduced two electrophoretically distinct bands. The
faster-migrating of the two was only slightly slower than the
fast myosin{(s) of normal fast muscle (Fig. 47, left hand
side). It was not.very different from the ‘fast’ myvosin
bands of native myosin from dystrophic mhscles. This band
probably corresponds to the IM band reported by Fitzsimons
and Hoh {1983). The slower of the two bands would thervinre
correspond to the SM band. Contrary to what Fftzslﬁons and
Hoh (1983) have reported for the 129/ReJ dy/dy strain of
dystrophic mice, Soleus in the C57 BL/6J dy2j/dy2 strain
showed a reduction in the relative amount of SM, startianpg as

early as 4 months, : e

Anterior Tibialls oxidative region The Anterior Tibialils
muscle was cut, in half,parailel,to the muscle fibre axis to
separate the oxidative cdre from the glycolytic crown of the
muscle. Native myosin was extracted from ecach half scparat-
ely. Tox produced only one diffuse band in all ape gproups
excep in 12 month old dystrophiec mice, where a Faifit yet
visible band was seen above the larger, faster-migrating one.
This band had .a similar Fletrophoretic mobllity to the S5M

band in S&leus.
. ' .

B
Anterior Tibialis glycolytic.reglion The other half ol the
Anterlor Tibialis muscle, coﬁtaining mostly Type II

- .

glycolytic and Type II oxidative fibres, did not show the 54
band at 12 months in the dystrophic animal. Only.the ¥M haad

was seemn.

Extensor Digitorum Longus The EDL muscle native nyosin
produced only one visible band in both normal and dystruphie

mice at all age groups, corresponding to’ the FY band. &SI was
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not seen.
Extensor Carpi Radialis Longus and Brevis The ECRL and B
d“@%ﬁ’ muscles were co-extracted for native,myosin analysis. 1In all
age groups, both normal and dystrd%hic ECRL and B extracts
showéd only the FM band. Xo SM was observed in elther normal

or dystrophic mice.

These results are summarized with the other ddta in Fig. 48
L

-,
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Sodium Pyrophosphate-buffered gels of native myvosins

extracted from individual nmuscles of mice aged 2, 4, 6,

-8, and 12 months. AT, Anterior Tibialis; ox, oxidative

reglon; gly, glvcolytic regilon; EDL, Extensor Digitorum
Longus; SOL, Soleus; ECR, combined Extensor Carpl.
Radialis Longus and Brevis muscles. The majority of
these extracts were from the contralateral limb of the

muscles used for immunohistochemistry.
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Summary of All Data

The results obtained by sodium dodecyl sulfate poly-
acrylamide gel electrophoreéis of the.my;sin light chatns,
the immunchistochemical analysis of myosin heavy Chain.UX“
pression using monoclonal antibodies, and the sodium
pyrophosphate gels '‘of native myosin isoforms are sumﬁnrlzuq
in graphic form in Fip. 48 for Lhc So1eus, the Anterior’
Tibialis, the Extensor Digitorum Lonéu'S, the Extensor Carpl
Radialis Longus and the Extensor Carpi Radialis HBrevis

muscles.
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Summary Figure of all data. Data were scaled as either
not observed (0), moderate level expressed (1), and
fully expressed (2). Intermediate levels between eilther
of these was graphed accordingl?.hThe abbreviations
ls? Lc
the slow light chains; Lle, chf, and LC3f,'the fast
light chains; Type I, for Type I-specific myosin heavy

used were N, for normal; dy, for dystrophic; LC 2¢?

chain; Type IIA, for Type IlA-specific myosin heavy
chain; Type I1B, for Type IIB~specific myosin heavy
chalnj Hybrid- (I+I1), for fibres containing both Type I-
and Type IIA-specific myosin heavy chains; Embryo., for *
Embryonic myosin heavy chain; SM, for slow native myosin

tsoform; and, FM, for the fast native myosin isoforms.

%
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' | DISCUSSION - ‘
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Many erroneous conglusions may be drawn about the
dystrophic process unless all the patholegical events, which:
might directly influence muscle groﬁth and function, are
taken Into account and considered in terms of their relative

importance. Among these, a preferential degeneration of one

.fipre type over others might slant the observations in favor

of the less affected types, as for example in the report of
Butler and Cosmos (1977). Also, nmuscle fibre degeneration
and regenerat@on would lead to structural and functicnal
chatacteristics of newly developlng muscle (Fitzsimons and .
ioh,; 1981b; Obinata et al., 1980). Par;igl denervation of -
the dystrophic muscle would produce muscle fibres A
characteristic of denervated muscle (Parry; 1977),'whilé
changes in the pattern of neural discharge and muscle activ-
tty might effect a transformation frém one fibre type fo
another (Silverman and Atwood, 1980). Endocrine abnormali;-
ties might also influence the function and‘develobment of
muscles in dystrophic mice {(Watson et al., 1982).

The hypothesis of Parry and Desypris (1983) that slowing

-of the isometric twitch is the result of slow myosin syr-

thesis. 1n response to chronic neural activity reflected in

the muscles of the hindlimb has been tested in light of

" conflicting reports (Parry and Desypris, 1984$~Ja§ch and

Moase, 1985). The results indicatgs that whereas activity.
may be involved in the synthesis of. slow myosin the ap-
pearJnce of slow myosin occurs subsequent tg the reported

slowing of the twitch (Parry and Desypris, 1983).

With this note of caution, I will consider the Eﬁanges'iﬁ
myosin expression described In the Results section, and
attempt to relate these changeb in terms of what 1is known .

about the pathology of LystrOphy in thL mouse.
’

Myosin light chain expression

The Anterior Tibialis is a fast—twitch muscle of thé-
hindlimb which expresses the three -fast myosin light chains

[

1
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(Lcif, LC2f, and LC3f) in normal mice. In dvstrophic mice,
two additional light chains characteristic of slow muscle

(LCls and LC2s) appear in Ehe gel pattern for myosin purified,
. ~

from the Anterior Tibialis muscles of 8 month old dystrophic

mice (Fig. 5b). This pattern of slow light- chain expression
is enhanced considérably in, the older mice aged appr&ximatcly
12 months (Fig. 6). In contrast to‘this fast muscle of the
hindlimb, the Extensor Carpi Radialis lLongus muscle of the o
forelimb does not express elther LCls or LC2Zs at any aﬂv.hk
the dystrophic mouse, )

Jasch and Moase (1985) looked-at the relative amount of -
LC3f and phosphorylated LC2f In the muscles of dystrophic
(C57 BL/6J dyzj/dyzj) mice aged 12 weeks (3 modths) and M2
weeks (8 months) ac compared to muscles of normal mice of " the
same ages. They found decreased levels of these proteins in
both the hindlimb Extensor Digitorum Longus and the forelimb
ECRL of dystrophic mice aged 8 months. They do- not report
the appearance of slow light chain in the EDL muscle. They
suggest that ;ince-dyStrophic ECRL and EDL show similar
changes 1in the relative intensitles of these proteins to that
of LC2f on {isoelectric focusing gels,‘those changes are not
the result of abnormal limb position (Silverman and Atwood,
1980) or the result of spontaneous electrical activity (Parry
and Desypris, 1983). Upon_closér examinatlon of their pel
for dystrophic ‘EDL (Fig. 5, gel ¢, Jasch and Moase, 1985),
two bands can be seen which are approximately «in the same
location as LCls and LC2s in thelr normal Seoleus gel (Flg. 9,
gel f, Jasch and Moase, 1983). These two bands are viriuhlLy
absent in their ECRL gel (Fig. 5, gel d, Jasch and Moase,
1985). Additionally, a small-spot appears on thelr second-
dimension gel for dystrophic EDL (Fig. 7, Jasch and Moase,
1985) which closely corresponds to the LCls-spot scen for the
second-dimension gel of normal Soleus (Eig. 6, Jasch and
Moase,gl985).

s
o

Though I did not look at the light chalin exbression of EDL
muscle, the AT muscle of dystrophic mice qlpws only a small
amount of the slow light chains at 8 months. Jasch and Moase

(1985) mention that they observed similar Ehanges in the
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lexpréssion of light chains for dystrophic AT as for EDL;

though they did not show a representative gel for this
muscle. fhe EDL muscle may not be affected in the same.way‘
as the AT muscle in dystrophic mice, as will be discussed
later. Thelr analysis of myosin light chaiﬁs'%%g‘f;om
isoelectric focusing gels which al¥ow the separation of the
phosphorylated from the non-phosphorylated form of‘LC2f. 1In

'SDS-PAGE, it 1s not possible to distinguish between these two

forms. ‘Thp;e appears to be a slight reduction in the rela-'
tive amount of LC3f at all ages in dystrophic AT and ECRL.
The most important observation is_thé'absence 6f ‘slow I'ight
chains in the dystrophic ECRL muscle, which indicates that
the presence of these light chains in the dystrophic fésp—
twitch hindlimb AT muscle is most likely due to the chrenic
spontaneous neural discharge of the hindlimb motoneurons.

The slow-twitch Soleus muscle of dystrophic ﬁicé appears
to contain less of the slow‘light chains relative to the fast
light chainﬁ. This observation holds for dystrophic mice
aged 2, 4, and 6 months., It is unfortunate that the .
dystrophic Soleus purified myosin extract was leost for the 8
month’ age group, because at ‘12 months there appears- to be
approximately equal proportions of the fast and slow light
chains in dystrophic Soleus. Jasch and Moase (1985) reported
an almost complete loss of LC2s in Soleus of 8 month old
dystrophic mice. My gei for the 6 month old dystrophic mouse
Soleus shows considerably less LC2s than LCls (Fig. 5a). In

the mature dystrophic mice aged 12 monfhs, this trend appears

to have reversed with Soleus still showing the presence of
LC2s. As will be discusded later, this data is compatible
with that obtained both by immunohistochemistry and with the

-

native myosin gels.

Immunohistochemistry: Myosin heavy cﬁaiﬁ isoenzyme expression
r
The Scleus muscle\myosin'heavy chain expression of Aormal
and dystrophiec mice will be considered'first.,:0valle et .al.
(1983) looked at the peost-natal development of the Soleus in
the €57 BL/6J dy?3/dy®3 dystrophic mouse at 4, 8, 12, and 32

~
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weeks of ége, using histochemical and quantitative methods.
With increasing age, the absolute number and proportion of
dystrophic Slow Oxidative (Type 1) fibres were drustiénlly
reduced (35% at 4 weeks to 21%,at 32 weeks). In contrast,
the per;entage'of dystrophie Fast Oxidative Glycolytic (Type
}IA) fibres increased siénificantly (from 55% at 4 weeks to
69% at 32 weeks) while théir absolute numbers between 4 and
32 weeks remained relatfve1§ constant, Owvalle et 51. (1983)
suggested that a failure or retardation in the normal post- )
natal conversion of fibre types within the $Soleus muscle

occurs in this murine model for muscular dyvstraphv.

The immunohigﬁochemical data presented here tends to
support thié view. In fact, 1t may be Suggc;Lcd that a
revérsal‘of the normal post-natal devuloﬁman takes placein
dystrophic Soleus. Whereas normally there 1s a conversion
from fast to slow fibres in developing Soleus muscle, the
dystfophic,Soleué shows fewer slow fibres with age. Fron
the‘gtu&ylof Ovalle et al. (1983), -it would appear that a
slow to fast tramsition takes place and allows the absolute
number of fast- fibres to remaln unchanged, at the expense d{
slow fiﬁres. Progressiv; fuhctioﬁal denervation of
dystrophic Soleus may be partly responsible for the observed |
reversal in its’ fibre type development. 'induqd,.it has
been shown (Parry, 1977) that thc.functionhl innervation
ratio (ratio of maximun twi;éh tensfon in response to nerve
stimulation x 100 to maximum twitch teﬁsion in rcspohsu-to
direct muscle stimhlation),for dystrophic Soleus In mice aped
25 .to 52 ‘weeks was significantly less (77.2% + 4.8%Z) than In
normal Soleus (90.6X + 2.4%) for the same age group. Thus,
denervated Type I fibres would undergo a slow to fast tranu-
formation as has been shown In denervated slow-twich muscle
(Gambke et al.’, 1983: Dhoot and Perry, 1983; Hecley, Dhoot
and Perry, 1983), whereas denerfated Type IL fibres would
show little clrange with respect to thelr myosin expressiou.
In addition, spontaneocus neural discharge and cross-talkr .
between amyelinatéd motoneurnns In the ventral roots

"{Ragminsky, 1978) may alter the.properties of slow motouncur-
ons 1in such adway that normal malntenance of slow muscle -

characteristics is lost or substantially modified. Parry and

-

-
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Desypris.(1983) have recorded sponCaneous activity in the

Soleus muscle of anesthetized dystrophic mice aged about 6

-

months. .

The Anterior Tibialis muscle is a fast-twitch muscle of .the
anterior compartment of the distal hindlimb. It has a wedge-
shaped appearance im cross—sgc%ion, with the apex near the’
bone. In the mousa, it consists of én heterogenous population
of fibres. Glycolytic fibres are found principally in the
outermost ﬁortion of the muscle. The oxidative fibres are
found mostly near the apex, in the deep portion of the muscie
(Butler and éOSmOS"‘1977) Occasionally, the deeper region -
of the mouse AT muscle shows a few Type 1 fibres, as seen
with monoclonal antibodieq in immunohistochemistry (see Fig.
17 and Fig. 21 of the Results).

.

The (dy2j) dystrophic mouse AT muscle has been examined
by several investigators. In an early study, Butler and
Costios (1977) suggested fhat the glycolytic fibres were kess
affeuced than the oxidative fibres, based on the observation
chat small foci of destryction could be detected in regions
rich in oxidative fibres® as early as 2 to 3 weeks post-—
natally and that wasting of these fibres ensued rapidly.
Their nomenclature of fibre types was erroneocus, however,
since 1t was based only on oxidative enzyme histochemistry,
and not on actomyosin ATPase histochemistry. -Thus, the
fibrcs_they call “slow’ are most likely fast-twitch oxidative
fibres (Type IIA). ' N

v

<&

A muséie-which shows similar regional fibre type dis-
tribuciﬁn to the AT in the mouse is rhe gaétfocnemius muscle.
Pribin and Simpson (5977{ found thag the histochemical
stalning of the muscle fibres located in the outer (crown)
-tregfon of the éyéprophic.gastgocnemius; uhich normally con-
sists of glﬁcolycfc fibres, was intermediate between
glvcolytic and oxidative muscle. 'Thc (dyzj).dystrophic nice
in this study were between.2.5 and 5.5 months old. In ﬁyzj E
dystroﬁhic_mice aged 4 to 7 weeks, Silverman anﬁlAtwood A
(19850 also observed an increased oxidatlve capacity of the
slvcolyvtice fibrc§ in gastfocncmigs‘muscle; which was correlj

l' .““

-
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ated with the overactivity of these fibres due to spontancous
neural discharge. Their myographic records from the crown
region of gastrocnemius from a (dyzj) dystrophic mouse under
angsthesia show both tonic and intermittent units firing,
with bursts of spontaneous activity oécuring in both unit;
(Fig. B8, Silverman and Atwood 1980).

Silverman and Atwood {1980) suggested that the abnormal
pattern of activity imposed on the dystrophic muscle flhrcs'
bj the peripheral nerves ,was similar to the intermittent
stimulation regimen used 1in the experiments of Pette and
assoclates (Pette et al., 1973; 1975; 1976). These authors
have shawn that intermittent long-term stimulation of the
rabbit AT and EDL muscles produced an increase <dn thelir
oxidative capacity without conversion to a slow fibre type.
More recently, Mabuchi et al. (1982) have found that inter-
mittently stimulated rabbit AT muscle shows a Type L1lB to
Type IIA transformation without an increase in the propor-
tion of Type I fibres.

Chronic continuous stimulation also produces an Increased
oxidative capaéity, but, gencrates an increased number of
Type I fibres through the inducton of slow myecsin synthesis
(Sreter et al., 1973; Salmons and Sreter, 1976; Pette et al.,
1976; Pette and Schnez, 1977; Scedorf, Seedorf, and Pette,
1983 ; Brown, Saimons, and Whalen, 1983). In either case,
intermittent or continuous long-term stimulation have both
been reported to increase the time to peak twitch tension of
gtimulate{‘fas;—twitch muscles tn the rabbir (Pette et al.,
1973; 1975; .1976). The increased-cSntractf>n~time is more
prolonged in muscles sugjected to continuous than to Inter-
mittent stimulation patterns (Pette et al., 1976).

The time to peak twitch tension has also been reported to
increase In the fast—twitéh muscles of dystrophic migce.
Harris and Montgommery {1975) looked at the contrautile
characteristics of dystrophic (dy2j) mice aged 2 to 3 months.
Thev found a significant increase in the contYactlon time of!
the Anterior Tibiaiis isometric twitch, but no signi?icunt

difference in the time to half-relaxation. Parsiou and Parry

.q i ' . . . :é)
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(1981) have also cbserved slowing of fast-twitch muscle in
the (dyzj) dystrophic mouse. In young animals aged 4 to 6
weeks, a significant increase in the time to peak tension and
a slight, but non-significant, increase in the half- !
relaxation time of the iscometric twitech was observed. 1In
older animals, aged more than 6 months, both time to peak
tension and half-relaxation time were significantly increased.
Bressler et al. (1983) have alsc reported an age-related
prolongation of both these parameters in the EDL muscle of

5
(dy"J) dystrophic mice.

s+ Parry and Desypris (1983) have suggested that this slowing
of the isometric twitch may be due, in. part, to the synthesis
of slow myosin in dystrophic muscle fibres subjected to
chronic stimulation by their motoncureons. In order to demon-
strate the presence of slow myosin contalining fibres .in
dystrOphig muscles, immunohistochemiétry with polyclonal
antibodies raised against cat Soleus purified myosin.was
performed. Type I fibres in the mouse Soleus muscle,
identified by myofibrillar ATPase histochemistry, gave
"positive stafning with the anti-slow polyclonal antibodies.
The forelimb ECRL muscle was examined as an internal control
in dystrophic mice. As spontaneous neural activity does not
occur in.the dystrophlic fdérelimb, slow myosin should not
appear. Whereas the AT muscle from a 6 month old nermal mouse
did not show positively staining fibres with the anti-slow
polycleonal antibodies, the AT of a dystrophic mouse of the
same age showed a considerable number of anti-slow-positive
fibres., No positive fibres were seen in the ECRL muscle of 6
month old dystrophié¢ mice. The ECRL muscle of 6 t@ 8 month
old dystrophic mice had a 25% anréase,in the time to peak
tension, The hindlimb EDL muécle had a time to‘peak tension
“which was twice that .of the normal muscle, It-was concluded
that slow myosiﬁ expressed as a result of spontaneous activ-
ity was partly fo blame for the slowing of the. isometric
twitch time to peak tension (Parry and Desypris, 1983, //f

‘An alternative to the appearance of slow myosin in
hindlimb muscles of 6 month old dystrophic mice, which would
calso explain, In part, the slowing of the isometric twitch is
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the presencé of‘regenerating muscle fibres which are known
contain enbryonic myosin (Fitzsimons and Hoh, 1981b)., Buller
Eccles, and Eccles (1960) have shown that neonatal kitten
musc¢leg dontract slowly , and that by the age of 6 wcoks;
fast muscles have a rapid {adult) contraction tine. Close
(1965) has- found that the force-velocity relationship of the
mouse Soleus muscle remapné constant from birth, whereas that
of the EDL muscle shows a change to a higher velocity of
contraction. Thus, if embryonic myosin reappears in the
. dystrophic muscles, this could explain their slower. con-
‘tractile response. The “slow’ myosin contalning fibrus
reportéd by Parry and De&ypris (1983) may have consisted of
‘regenerating fibres to which the anti-slow polyclonnl anti-

bodies were cross-reacting. =

There are several’reasons to believe that embrynnlc{myusin
heavy chain is present in the Anterior Tibialls muscle of 6
month old dystrophic mice. The ‘most comlelinh evidence fis
that obtained with the anti- Lnbryonig myosin hLavy chain
monoclonal antibody, BF 45. This antibody does anot cross-
react with thé slow myosin heavy chain of Type 1 fibres.
Thus, it not only allows the detection of fibres which coutafn
neonatal myosin heavy chain, but also to discriminate between
the fibres glving a positive reactlon with the anti-Typc 1
monoclonal antibody from those which actually contain only ?
slow myosin heavy chaint Unt11 age. & months, all Type I-
positive fibres EB.AT ;150 gave a positive fudctiun wigh the
anti-embryonic monoclonal antibody. At 8 months (Fig. 24), O
one fibre is obviously a “pure’ Type 1, as Lt is positive
with BF 46.(F1g. 24a), shows clear negative stalning with

BF 34 (Fig. 24b) and {s also negative with BF 45 (¥ig. 24d),
whereas other Eibres which were poaiLive with BF 46 (Fig. 24a,
arrows) appear posjtive with BF 45 (¥Fig. 24d, arrows). AL

12 months, many fibres which gre positiVL with BE 46

(Fig. 26a, arrows) are negative with BF 45 (Flg. 2nd,

arrows), indicating the presence of slow myosin heavy chain

in the oxidatiive region of dystrophic- AT at this age.

The evidence obtalnkd with pfe/immunohistéchemistry of

myosin heavy chaln exprkssion rees well with the myosin
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iight chain gel‘patterns. Only a small amount of the slow
myosin light chains (LCls and LC2s) appears at 8 months in
dystrophie AT. None could be detected in the gel for 6 month
old dystrophic mice, which showed only the fast light chains
(LCIf, LC2f, LC3f}. ﬁlthough the genes enqoding myosin heavy
.chain and myosin light chain 2 are on different chromosomes
ln the mouse (Crzosneck et al., 1982), one can expect the
co-expression of slow myosin heavy and light chains as it is
known to occur in normal development {(Gambke et al., I'G51).
On the other hand, Brown et al. (1983) have shown that the
subunits of slow myosin appear sequentdally in chronically
stimulated fast muscle. It may be that the slow myosin seen
in fast muscles of the d&s;rophic mouse hindlimb appéars
subsequent to Eh@ feral isoform in regenerated nuscle fibres:
subjected to the modified pattern-of neural activity.

The Extensor Digitorum Longus muscle is also found In the
anterior compartment of the diéﬁé} hindlimb and lies deep and
lag;ral to the Anterior Tibialis muscle. It conéis;s of Type
IIA and Type IIB fibres; very rarely, Type I fibres are
eﬁpountered in the EDL of norﬁal mice (Fig. 31a, b). 1In the
dystrophic modse, the EDL shows fibres containlng embryonic
myosin heaﬁy chain (Fig. 28d, arrow, Fig. 30d, Fig. 32d). At
8 months, few fibreg‘gave positive staining for the anti-
émbryonic myosin heavy chain anfibody (Eig. 34d). Fibres
which were positive to BF 46 (Fig. 34a)did not stain with
BF 45 (Fig. 34d, arrows). '~ As was obaerved for the AT

muscle, fibres with embryonic myosin heavy chain ‘were en-.

-

countered In dystrophic mice up to 6 or 8 months of age.
Slow myosin heavy chaln containing Hhores could not be said

to have appeared before § months because of the cross-
reactivity of the BF 46 antibody with embryonic myosin heavy

chain. Fewer embryonic or slow myosin heavy chain containing

.fibres were encountered in EDL than in the oxidative region
of AT.in dystrOphic mice. Both EDL" apd AT had fewer Type IIB
myosin heavy chain containing fibres“dn the older dystrophic

-

;1mige than in the normal nice of similar age. The loss of

Type IIB fibres can be understood in light of the results of

“the study by Mabuchi er al. (1982) (described earlier) and 'W"

~probably represents an adaptive transformation of the muscles’
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in response to the chronic spontaneous discharge of the

dystrophic motoneurons. L

The Extensor Carpi Raéial;s LoSgus.and_Brevis muscles of
the forelimb are also fast~twictech muscles which contain Type
I1A and Type 1IB fibres. The dystrophic ECRL muscle seems to =
be more severely affected by the dystrophy than the ECRB
muscle, as seen by the extent of connective tissue in-
filtration in the 4 month dystrophic ECRL (Fig. Aﬂa; top
half of micrograph}. This difference betwcen ECRI, and KCRH
has also been treported by Parry and De;yﬁris'(lgﬂﬁ) with
'Esspect to the fibre cross-sectional a:ga expresécd as a
percentage of total muscle area in (dny) dystrophic mice

aged 6 months. ! . -

The 2 month bld dystrophic ECRL shows Type I-positive
fibres (Fig. 40a, arrow) which also appear positive with the
antl-embryonic ‘antibody (Fig. 40d, arrvw). Few, {f any,
regenera{ing fibres were seen beyvond 4 months (¥Flp. 42d).
1t appears that the duration of the degeneratlon-regeneration
period 1s shorter in the %orellmb muscle{s) than in the
muscles of the hindlimb. No slow nyosin heavy chain con-
taining muscle fibres were detected in pfe forelimb muscles of
dystrophic mice at any age.

If‘;he polyclonal antibodlies used by Parry and besypris
(1983) were cross-reacting to embryonic myosin, then not
only woﬁld positive fibres appear {n the 6 month old
dvstrophic mduse AT muscle, but.no positive fibre would have
been detected in the fhéclimb muscles at 6 months, as em— |
bryonic myosin heavy chaln containing.fibrcs arce pnot detected
at this age witﬁ either the anti-Type I (BF 46) ar the anti-
embryonié (BF 45) myosin heayy chain menoclonal antibodics.,

Two concluslons may be drawn.froﬁ the [mmunohistochemical
data for the faét—ﬂwftch.musclgs 1n (dyzjf dystrophic mice.
The-first réiates to';he spontaneous.dfscharge of motoneurans
to hindlimb muscles. The loss of Type_llu.fipfes:and tlmL
appearance of slow myosin heavy ‘chain in the hindlfnb
muscles of older dystrophic mice is'the result of this ab-

- B
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normal neural activity. Fuéther evidence for this is seen in
the forelimb muscles which show neither the presence of
spontaneous neural discharge nor the appearance of slow
myosin heavy chain. The second conclusion is that the slow-
ing of the twitch in younger d}strophic mice 1is due partly to
the presence of embryonic mybsin in regenerating muscle
fibres. |
It remains to be seen whether the newly regenerating
muscle fibres undergo an embryonic to adult sléw tfansition

in myosin heavy chain expression.
Structural isoforms of myosin

Based on the data obtained for the expression of the
myosin ligh; qhains and heavy chains, the interpretation of
the sodiunm pyrophosphate gel patterns of native dYosin is
somewhit simplified. 1In the case of normal Soleus wmuscle,
where two native myosin bands are visible aé all ages (SM and
IM}, it scems that there is an increase In the intensity‘of
the SM band up-toe 8 months but that at 12 months the 1M band
{which was 1nbe}lqd FM because of insufficient electro-
phoretic separation from the FM isoforms) tis equally as
intense as, the_SH.banﬂ. At all ages examined, the dystrophic
mouse Soleus muscle ﬁadpless slow myosin than the fast-
migrating isoform. The S and-never disappeared completrely,
however, and at 12 moﬁkﬁg, though the bands were very falnt,

“SM could still be detected 1n'thefSoleus muscle extract.

The loss of slow myosin from the (dyzﬁ)‘dystrophic mouse.
Soleus muscle ié_in direct contrast to the result of
VF@[ésimon; and Hoh (1983) whd'reportgdléhe virtual dis-
appecatance of of the IM isoform in thé'(dy) dystrophic mouse
Soleus. This result alone- should caution against extra-
polating observations made in the 129f‘éJ dy/dy straln of -
idystrophic mice to the C57 BL/6J dy"J/dy j strain, This
‘difference iikely represents the differenq't%me.of onset and
duration of the discase in these two models of dystrophy.
"Prolonged ewposure of’ the Soleus'to an <Intermittent pattern

of 'stimulation {s the likelv cause ferithe 1033 of ‘pure’
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.

. 2 o
Type I fibres and the SM isoform in (dy"J) dystrophic mice,

+

The lack of sensitivity of the sodium pyrophosﬁhate gels
in detectinp low levels of native myosin isoforms is seen
by the very faint 5M band which appearé in the 12 month old
dystfophic ATox myosih extract. Though a considerable number
of‘fibres containing slow myosin héavy chain were detected {n
the contralateral AT muscle (Fig. 26¥f;and the amount of
- slow myosin light chéins relative to the fast 1soforms is
quite high at this age (Fig. 6), the SM band 1s pale 1in
comparison to the faster-migrating band. Nonetheless, this
is an indication of the relative amount of slow myosin pre-
sent, In this region-of the muscle. Because the light chialn
analysis of the native myosin bands was not pérformonIEL is
not possible to say whether the faster migrating band l
contained LCls. Also, the separation between the fast myosino
isoforms (FM) and intermediate myosin (IM) was not sufflcient
to allow the identificacion of the IM band in the dystrophic

) 4

ATox.

In summary, the new findings repoftcd here for the ftrst
time are the following: . .
- a) Slow myosin light chains and heavy chain appear {n

Lhe nornally fast—twitch muscles of the hindliab of
dystrophic mice of the C57 Bl/6J dyzi/dyzj strain after ape H
months// . :

' by .I have shown that embryonic-positive fibres are de-
tected \n these muscles up to age B months with a monoclonal
antibody to émbryonic myosin heavy chain which does not
cross—react to slow myosin heavy chaln. The slow-pasitive
fibres .reported by Parry and Desypris (1983) in the sama
muscies of dystrophic mice of youngér age uefc mast like]y
‘regenerating fibres with embryonic myosin heavy;chain 95}
which their polycleonal antibodies were cross-reacting.

c) The slow-twitch Soleus muscle of dystrophic nice

:(giii) shows a disappéarance of the SM natdve isoform as well
- as A concomitant loss of fibres containing only Type I myosin

ﬁeavy chain. ’
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In éonclusioni the appearance of slow myosin light éﬁd
heavy chains 1in the fast-twitch muscles of dystrophic mouse
hindlimbs are surely both the result of spontaneous activity.
However, the slowing of the isometric twitch.must be the
result of some other change in the excitation-contraction
process, because the appéﬁrance of slow myosin does not occur
prior to the feported change in contraczion time. Embrjonic e
myosin heavy chain in regenerating fitres is not likely to be
the sole.factor responsible for the s{gwing process, since
the number of regenerating fibres s relatively small (<IOX).
The appro;ch to determiﬁing the deniral inherited flaw of
dystrophy will be hindered until a more thoroggh understand-
ing of the regulatory mechanisms which govern the genetic

expression of skeletal muscle fibre types is obfained.
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Appendix

Muscle Fibre Counts for Solei of Normal and Dvstrophic Mice

erial cross—sedtioné of all Soleus muscles from animals
aged 2, 4 and 6 months were used for fibre counts. Three
‘sections for each muscle were used to éOunt fibre type numb-
ers. The three sections were labelled with BF 46, BF 34, and
BF F3, respectively. Fibres which did not stain with the BF
34 monoclonal antibody (which stains all other fibre types
except those fibres containing only the slow-speclfic myosin
heavy chain) were counted as "pure" Type I (slow) fibres.
Fibres which did not stain with the BF 46 antibody (that-is,
which did not contain slow myosin heavy chain) were counted
as "pure" Type II (fast) fibres. Thus, the counting of
negative fibres ensures that hybrid fibres contafinin bofh
fast and slow myosin heavy chains are excluded and only pure
tyﬁes are.idcntified. The number of hvybrid fibres containting
both Type I and Type LI myosin heavy chain isoforms was
obtained by subtracting the sum of both "pure'" Type 1 and

Type 11 fibres from the total number of‘fibrcs counted.

The Type ‘1B (fast fibres with 1IB=specific mvosin heavy
" chain) were counted from‘positive fibres labelled fn the
section with the BF F3 monoclonal antibody. The number of
"pure" Type IIA fibres was obtained by subtracting the number
of Type IIB-positive fibres from the number of "pure” Type T1
"fibres. All Type ILB-positife fibres {n the BF F3 scctlon
were found to correspond to negative fibres In the serial
section labelled with BF 46 (the anti-slow myoesin heavy chain,
monoclonal). Thesé fibres do not contain siow myosin hoavy
chain.” However, it cannot ‘be detérmincd from thege sections
whether they represent "pure" Type IIB fibres or are hybrid
fibres containing IIA myosin.hcavy chain.
a3

As théée;fOu% categoriés of fibres are obtalned by exclu-
slon, thc‘sum of fibre§ equals the total number counted.
Consequently, for each fibre type,_flbre COUNLS Were ex-

pressed as a percuntage®of total. '
. .

\ n
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The data are depicted in éhe Appended Figure and are-
expressed as percentage valués in the following tables.
For each age group the sample arithmetic mean (X), stantard
deviation (s), and standard error of the mean (SEM) was

calculated and used for graphic treatment.

Fibre Type Content of Soleus Muscles of .Normal Mice aged
2, 4, and 6 Months

2 Month
Animal # Type I Type IIA Hvbrid {I+II). Tvype IIB
1 28.7 . 53.6 - . 24,9 ' T 0.00
2 33.0 48.6 1441 . 4.30
3 36.1 49,6 14.3 0.00
n=3 ‘X=32.6 50.6 17.8 r 1.43
s= 3.7162  2.6458 2.4826 6.1785
SEM= 2.1455 1.5275 - 3.5671 S 1.4333
4 Month
_Animal #  Type I Type IIA Hybrid (I+II) Type LIB
1 o 48.0 50.8 L.20 0.00
. 2 E 34.7 . 60.7 .o2.200 2,40
T 3 46.4 47.7 5.90 ' 0.00
4 28.6 71.4 0.00 ' 0.00
| n=g, Y=39.4 57.7 2.30 0.60
v - s= 9.3397 10,7128 2.5474 1,200
SEM= 4.6698 | 5.3564 1.2737 . 0.600
6 Month
Animal # Type I Tvpe IIA Hybrid (I+IT1) Type I1B
1 60.7" 37.9 ' 0.00 - 1.40
2 S6.4 T L 32,5 10.0 ©1.10
3 34.8 . 65.2 T 0.00 0.00
4 43.6 "~ 47.6 " 0.00 © T 8.80
n=i. . R=48.9 45.8° 2.50 2,80
9 s=11.8p57 14,3631 5.0000 © 4.0285

SiM= 5.9329 T 7.181e 1.5000 2.0143

o 1‘II' VAN
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Fibre Type Content of Sol&us Miuscles of Dvstrophic Mice

aged 2, 4, and 6. Months

4

. 3
" 2 Moath ’
Animal # Type 1 Type IIA | HyBrid (1+11) Tvpe fIB
1 12.7 26.7 . 60.6 C0.00
2 6.90 6.10 87.0 © . 0.00
3 4.30 7.80 . B7.3 0.60
4 7.30 7 15.3 73.9 C 3,40
5 5.20 9.20 85.6 . 0.0
' 1 s o
n=5 X=7.30 . 13.0 78.9 : 0.80
' s=3.2683  B.3974 11.6291 1.4765
SEM=1.4616 3.7554 5.2007 06607
4 Month
Animal #  Type I  Type LIA Hybrid (1+11) Type 118
. f ' : -
1 28.0 1.2 5742 | 3,70
2 3.50  39.6 47.6° C 9.0
3 - 1.20 26.0 65.8 T 400
L . ) . . ' -
n=3  X=10.9 25.6 57.9 5.70
s=14.8540  14.2040 1026160 - 3. 1500
SEM= 8.5760 B.2010 6.129 - 1.8190
6 Month
Animal #  Type I Type I1A  Hybrid (I+11) Type 118
1 10.7 - 13,9 66.2 L 9.3
2 1.60 4.5 82.8 . a0
3 8.00 11.9 75.0 , 5.1
n=3 X689 13.4 74,7
' ' 524.6737 1.3614 8,305 N
SEM=2 ,698.  0.78H0) wa 754 EUTRR <
- .l“ .- ' . -
. -
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Fibre Counts for Four Fibre Types in Soleus

Type |

80 ‘ R

Significance of F '

T:p<0,001

- A:p€0,267
Normal
TxA:p<0, 197

I."’—_’AP\,ll):,rstrm:thit:: '

MR
Age (months) -

Type 1A

-

6

L]

T:p< 0,001
A:p<0,090
Normal P

"Tx A:pc0,847
Dystrophic

n
(=]

-~
Q
LY

i

Y Total Fibres
S 8

-
o

2 ¢ a
Age (months)

Hybrid (1'&11)

L

Dystrophic. T :p<0.,001

. . ~—

A.p<0,003
TxA:p<0,192

Normal

80

2 ‘4
Age (months)

Type 1B

"

o -

T.:p<0,098

N TxA p€0.194 "’

Dystraph:c : ’
INormy| .

¥ g

[

2 .4
Age ['months)

..
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The data were analy ed bv a two-factor analvsis uf \urx—

.ance with unequal’ (dlSp oportionatn) replication uqxnb the
SPSS- K program: on the Universit) of OLtaua Mainframe Comput~
er, For an explanation of the approwridt ness of this
anglysis,'consult J. H. Zar (1984).. For each fibre type, the
pefcent values were treated for main‘cffeé}s'o{ anfmal {;pv
(Factor A; i.e., whether normal or dystrophic) aﬁd anfimal aye v
(Factor B; i.e., 2, 4, and 6 monthq) and. any interaction
between animal type and age (A x B interaction). The result
of the four {ndividual two-factor analyses of varfance ts
summarized in the preceding figure (App{i‘Fig. 1); The

-

significance of the F ratio for main effects (T, aniaal type
“and A, aze 1n months) as well as the interaction.is fascribed
next to*each graph. Ail fikre types, except the Type Hly
f*bres, show an, T ratio which is 51gnif1can; at Lht‘n.d”l

level between normal an® dystrophic®mice., 'The Type 118

. €, ' X
fibres appear to be more numerous Iin the Soleus of dystrophis

mice than.in that of normal mice, thoupgh the difference was

"not significant (p¥X0.098). 1n the_caﬁé of afe, Hvbrid fibres e
‘showed an F ratio thch was signi???ﬁ?&~a¢wthc n.unjd lugv}.
The only other fibre_type hhibh showed an F.ratio uhich-
approached signifiéance‘uas the Type 1A% group (p(ﬂrﬂﬂﬁ). .
No sig nificant interactLOn beLwLen animaltype and ape Wi
obtaingd . H . B
% P

%ince the main eftect of animal‘typc'uus cxpcrtcﬂ to hG-
sionificant no f&rther analysils was required.  On Ih'é@[h‘r .
hand in the-case of age, since an effect was chierved “

hybrld fibres, a posterior! testiny was requipped U)\h%vrmlnw
which of the two animal types (if not hat h) 5huw¢i the m;lh :
effect, as well as at whi;h age d s;pniflnnnc dlf:LrdeI Wit

g
observed bttUELn ages. The Tukey te st for unLqull samploe

sizes was usgd for multiple Compdrihﬂnb. In the case of

* normal mice, the "honestly ?igﬂifiCdnt‘difftfrﬂlﬂ-tﬁﬂl" (nr

- Tukcy test) gave Valyes-which were verly Nearly Q[gniftrdnl
(p(O 1) - b'._t'-n.t.g “months and 4 aonths,*and 2 aonths and b
moubhs, bnt not at all significant between A and h o monthe, e
would be ex pLthd upon iﬁh)QCtiﬂh of the praph.  The
dystrophie sice shew a 5J5niii\dnb ditterence (et vy
bélh';'un.h:-‘blﬁ -f‘f.ﬂ‘\: aloaes a2 manthie o and . omontis .'--.x.'
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significance between 6 months and 4 months (p<0.10), and no
gignificance between 2 and 6 months,

Though the number of animals sampled at each age group was
small, a clear distinction is seen between the Soleus of )
normal and dfstrOphic mice. Kugelberg (1976) has suggcsfﬁh‘u
developmental traﬁsition from Type 1IA to Type I fibres to
explain thé’greaCer proportion of Type I fibres in older rat
Soleus. Though a trend {s apparent in the increase in Tybv 1
fibres in normal mice with increasing age, and a concomitant
decrease in the proportion of Hybrid fibres is seen, Lhe
numbers do not warrant a definite conclusion as to ghe de-
velopment of Soleus in the C57 Bl/6J mouse. On the other
hand, if such a transition were occuring,.this might explalin
the tréns{gnt drop in hybrid fibres in dystroPth mice at 4
months. It is apparent from the graph that even at 2 months
of age, the Soleus of dystrophdc mice has already very fow
pure Type I fibres. The following bar graph (App. %ig. 2)
gives a better idea cof_the interactive effects withia a

muscle.
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