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Extensordigitorum longus is a striated skeletal muscle which
in adult rat has multiple isoforms of myosin characterized by
their heavy and light chains. Three myosin heavy chains are
present in EDL muscle: MHC1, MHC2A and MHC2B, the
furmerwhich is typical for slow-twitch muscle, and the latters
which are typical for fast-twitch muscle. The distribution of the
hearry chains (A.ZVo for MHC 1, ?-6.8Vo for MHC2A and 7 3 Vo

tur MHC2B [21,34]) indicates that this muscle is of the
ftst-twitch variety.

Sinæ the myosin heavy chains composition of muscle fibres
determines tbeir f,bre type as evaluated by histochemical AT-
Pase activity [35, 36], the relative proportions of fibre §'pes
Sorld ærrespond to those of the myosin heavy chains. In
ag€ement with this expectation, slow-twitch fibres (ÿpe I
mtaining MHCI) occupy about 5% of the muscle area and
tu-twitch fibres abclut 35% and 6O% for type IIA (MHC2A)
aDdIIB (ÀÆIC2B) respectiveÿ [23,28]. The distribution of the
sloca-twitch fibres is not homogeneous in EDL muscle: it de-
peods on the nerve branching pattern. EDL muscle is innerv-
ated by tivo distinct branches, the K branch (K for knee) and
t[e F branch (F for foot). Most slo''il-twitch flbres (67Vo) are
lEted in the anteromedial part of the muscle, a territory
iDnen ated ry the K branch [1]. The fast fa,,itch fibres (type IIA
and type IIB) are distributed quite uniformly throughout the
musde section [31, 1]. All these observations were made on
qN-sections obtained in the middle part of the muscle: they
demonstrate the existence ofa cross-sectional beterogeneity of

The Longitudinal Distribution of Isomyosins in Normal and
Regenerating Extensor Digitorum Longus of the Rat

Pierre D. Moens and Georges Maréchal

Département d.e Physiologie, Université Catholique de Louvain, Belgi.um

Abstract
Extensor digitorum longus (EDL) muscle of rat were cut perpendicularly to their long aris in three
parts. The proximal, middle and distal parts of the muscles were analyzed for their proportions in
myosin heavy chains, isomyosins and type I fibres.
Proximal sections contain relatively more myosin heavy chains MHCZA, whilst the reverse is true for
distal sections, which contain relatively more myosin heavy chains MHC2B.
The proportions of isomyosin FM3 are highest proximally; those of EMz are bighest distally; the
proportions of FMr are constant along the lenght of the muscle. One may thus infer from our
observations that the distal end is proportionalÿ richer in LC:r than in LCrwhen compared to the
proximal end.
Intermediate isomyosin, IM, is localized proximally in the few EDL muscles where it is present.

Type I f,bres are preferentialÿ localized in a medio-anterior area. This area is larger at the proximal
end than at the distal end, and consequentÿ, the proportion oftype I fibres is highest at the pro,dmal

end.
These observations indicate that EDL muscle contract faster at its distal end than at its pro:rimal end.

EDL muscle regenerating from a mince up to 120 days have lost the spatial distribution of f,bre§

observed in the control muscle.
Keywords: muscle regeneration, isomyosin, myosin heavy chians.
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EDL muscle. The question then arises whether EDL muscle

also has a longitudinal heterogeneity: namely whether distal

end of EDL has the same distribution in myosin isoforms than
prcurimal end. \ile show in this paper that thi§ i§ not the ca§e:

the proximal end has higher proportions of MHC2A and

MHC1, whilst the distal end has more MHC2B.
We do not understand the functional §ignif,cance of the

unhomogeneous repartition of EDL muscle f,bres which
dMdes the muscle into at least two compartments. Thi§ ar-
rangement arises during mu§cle ontogeny and it is probabÿ
controlled by the branching pattern of its nerve. It is an inter.
esting question whether the factors which sel thi§ arrangement

in embryo and foetus could also impose it when the muscle

regenerate in adult animals. To invesfigate this point we have

cut the nerve and destroyed the endomysium organization by

mincing and we have induced the regeneration by grafting the

mirce orthotopicalÿ. This procedure first reported by Studit-

s§ [3S] and Carlson [9] strongly excites the satellite cells which
proliferate, fuse and eventually regenerate normal muscle fi-
bres (review in [30]). During the regeneration, embryonic and

foetal isoforms of myosin are expressed lLZ,Vl) and the func-
tional recovery appears to be nearly completed in at least some

cases [5]. We report that muscle regenerating ftom a mince has

lost the spatial organizâtion of isomyosins and muscle f,bre
types which is present in normal untreated muscle.
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Regenerating EDL muscles

.* .,4* I| - *&trâç,r* §id,§ **

W;71§,*,,A,::,*

*:*§:§'2,W,,;#

b

;?|w;ÿ,t:
if;*,'§',;

,.f|*.,,4;";,

IVlaterials and M€fhods

Swgery

Tweuty-four male Wistar rats 60 days of age were anaesthet-
ized with Thalamonal (0.2 ml/100 g body weighr) injected
subcutaneously. The right hind limb was shaved and the skin
was cut on the anterior side ftom the foot to the knee. The
tibialis anterior muscle was carefully separated ftom the pero-
neus longus. The extensor digitorum longus was excised by
cutting the proximal and distal tendons as close as possible to
the ends of the muscle fibres. Great care was taken to keep the
adjacent muscles undamaged. The EDL was minced with
scissors in a Petri dish at room temperature and the mince was
grafted orthotopically. Tibialis anterior, peroneus longus and
the skin were sutured lvith Erhicon thread (5i0).

Regenerates and contra-lateral EDL were dissected 30, 60
or 120 days post-surgery. The longest period ofregeneration
wa§ §et at 120 day§ po§t-surgery because regeneration i§ §tabi-
lized at that time [29]. Muscles were frozen in isopentane
cooledwith liquid nitrogen and theywere stored at €0.C until
use.

Histochemistry

The muscles were cut perpendicularly to their long axis in
three parts (here after called proximal, median and distal).

Median sectionswere obtained from the middle of the median
part. Sections (10pm thick) were obtained at each level and
stained for type I fibres by the histochemical ATPase reaction
atp}J 4.?5 [7]. The proportion of type I fibre was evaluated by
comparison of their areas.

Electrophoresis

The remaining parts of the muscles were weighed and ex-

tracted in 3 vol. Guba-Straub buffer (mM: NaCl 300;
NaHzPO+ 100;MgClz 1;Na+PzOz 10; Na2IIPOa50;Na azide
O.-l.Vo,pH 6.5). After ccntrifugation for 10 min at 20,000 rpm,
the supernatant was mixed with 1vol. gÿcerol.

(i) Poÿacrylamide gel electrophoresis in non dissociating
conditions (PPi-PPA) was performed as described by Hoh et

aL 118) and d'Albis et aL ll3l. An extract of taenia coli from
adult guinea-pig was added as an internal standard for mobility
(Rf) measurement 12/11. The supematants with glycerol were
diluted in buffer (mM: Na+PzOz 200; glyærol1ÙVo; §-mercap-
to€thanol 0.1Vo, pH 8.6) at 1/30 for the control and 1/15 for
the regenerated muscles; l0 and?-0 pl of the diluted extracts
were used for electrophoresis. Gelswere stained (20 min at 65'
C) 

"vith 
a Coomassie brilliant blue solution (Serva R250 25 mg;

methanol 20 ml; acetic acid 70 ml ln 1 I HzO) and destained in
1Eo aætic acid.

Figure 1. Gel electrophoresis of native myosin and myosin heavy chains. P, M, D refer to proximal median and disnl lzvels of the
mtscles. a SDS-PAGE;1, Control EDL muscle; 2, 30 days regenerating ruucle; 3,60 days regenerating mttscle; 4, 120 days

regenerating muscle. ftgalactosidase is used as an intemal standard.
b ,PH-PAA gel electrophoresis; 1. Control EDL muscle; 2, Regenerated EDL muscle at 120 days post surgery; 3, Control EDL
mtucle with intermcdiate myosin (IM). An ûract of guinza-pig taenia coli is t^tsed as an internal standard to calculate the

isomyosiru mobilitics.
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Figure 2. Relative proportians of myosin he&y-chains and type I fibr-es in control and' regenaating EDL rl%§cles' a" hoprtion of

ntyosin heavy chain 2À (MHC2A,); U, nopottin iiiiyoii" heavy chain 28 MIÏC2B); c)noportion of type I fibres' Each

point is an average vahrc at proimal, median^and d*tai teveX 7or iontrol (C) ànd regeneratingmusclcs at 30' 60 and 120 days

post-ÿngery . TW venicat isî indicates the SEM. The SEM i approimately the same for the tvÿo other levels'

(ü) SDS poÿacrylamide-gel electrophoresis §DS-PAGE)
*à p".fotr:roi as described byDanieli-Betto e/ aI [14], includ-

ngàZn (weigbt/tol) glycerol in both separating and stacking

g"i 101. rrr" *üpernâtànts *ith glycerol were diluted in a buffer

[.ü, t* oz. i; sos z.l%; glycerol l\vo; p-metcaptoethanol

ÈVo,pH 6.8) at iB00 for the control and 1/60 for the regener-

ate. 'i'tre et"ctrophoretic run (10 mA) was performed with 4 or

I pl of the OilutèO extracts and 5 pl of B-galactosidase diluted

n tn" uOou" buffer (dilution of 1/20) added as a reference for

myosin heavY chains mobilitY.

Étui*og was done overnight in a Coomassie blue solution

(Serva G"5O 40 mg; perchloricacid7}% 3 ml in 100 HzO) and

gels were destâined inlVo aælicacid'
" T"..i, et aL l3glreported another electrophoretic method

to rparate myôsn neavy chains with which they could detect

u o"iu i*totti, (MHC2à) present in rat EDL-Using their

metnoO, *" could not obierve MHC2d in our EDL samples'

This may be due to some variations between strain§' This

rnterpreâtion is supported by the fact that analyses of rat

sot"r. al"o gave different reiults: while Termin et aL 139)

ohewed onty one type of myosin heavy chains (MHC1) we

observed rwô types (ttUC1 and MHC2A) and even three

qpes in some samptes ltvtUCt, UHC2Aand MHC2B)' In the

,"tnoO used in present experiments , MHC2d, if present'

comigrates with MHC2b. We made no further attempts to

study"separately the distributions of MHC2b and MHC2d'

Céls *"r. uoàtlzed by densitometry' Densitograms display a

peak for each isomyosin. The Rf values of the peaks of native

àyosins were expressed relatively to the Rf of taenia coli

mfoin arUitrarity'set at 147: the Rf of SM2 is tben equal to 100

1É1. nor myosinheavy chains, the Rf values of the peakswere

fuiesseO râf atively to the Rf of p-galactosidase. (set at 1m)' If
tlà t".p"tutrre in ppi-paa geb electrophoresis falls under 1o

C tn" tu"oiu coli myosin separates into nro zones (3)' In this

case, the mobility of the slowest migrating component was

mken for reference. The proportions of each isomyosin were

e*aluated by the areas of each peak of the densitogram§ ex'

pressed as ftactions of the total area of skeletal myosins'

Resulb

CONTROLMUSCLES

Myosin heavY chains

Inthecontrolheterolateralmuscles,twofasçtwitchmyosin
treavy ctrains are detected, MHC2A and MHC2B (Fig' !a)'
fnà ptopottions of the myosinleavy chains areshown in Fig'

à?u,i, ioo,tol data). Ajno signif,cant differences could be

â"i"rtéo between tnê three agJmatched control group (90'

iZO, tSO days), all the data were pooled' The relative propor-

i.* 
"f 

rtlriée and MHC2B vàry inversely along the length

of the muscle. The proportion of MHC2Adecreases from the

pt.,O*"i"rà,o the di§ial endwhile thatof MHCZB shows the

Ipposite change. Slow-tvritch myosin heavy chain MHC1 was

observeO in orily two muscles out of twenty-three' but in a low

oiÀoottior, less than lTVo ofthe total heavy chains' In both

';Jil;;portions of MHCI were higher in the prorimal

end and decreased to the distal end'

Since it is conceivable that the heterogeneity observed in

Çontrol heterolateral muscles could result from some reaction

ioit * rr.g"ty,we checked that EDLmuscles fromunoperated

àriÀurt p"t"Jéot a similar longitudinal distribution (data not

shown).

Myosinisorymes

The three native isomyosins typical for fast-twitch muscles

6ü1, irrrz and FM1, rig' tul a-re present in allcontrol mus-

à"r.'in" relative propotlioos of native isomyosins are shovrn

in Fig. 3 (a, b, c, control data)' We 91ry*"d 
approximateÿ

'îonZtywr,ie'ioof 
FNlzand2q%of FMr,inagreementwith

preuious repo rtsl?tl,?5,33,401' The fastest migrating compo-

ient lffUr jis the least abundant and its proportion is con§tant

à-r-oüit t.tt"le length. The proportion of-FMs is significantÿ

üffi ut,n" proximà end thân al the distal end of the muscle'

i"üÀ"ry, thè proportion of FMz is signiflcantÿ larger at the

àirt* 
"od. 

rnê mioote portion of the muscle is similar to the

proximal end.
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Figure 3. Relatiue proportions of native myosin isoforms in control and regenerating EDL muscles. a, Native myosin FM3; b, Native
myosin FMy c, Native myosin FMt Each point is an average vabe at poximal median and distal levets for control (C) t1d.
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Myosiniso4mcs

At 30,60, 120 days post-surgery two isomyosins are present
with mobilities equal to those of FMs and EMz of control
muscles. Their relative proportions are shovrn in Fig. 3 (a, b).
Muscles regenerating for 30 days have significantÿ more EMg
and FMz thatr their controls: FM1 is obsemed in onÿ 2 cases

out of seven. Iater in the regeneration, isomyosins FMa and
FMz do not appear to change, but the relative abundance of
EMr tends to decrease (Fig.3c).

The intermediate form (IM) was seen in only tlo experi-
ments: one at 30 dap at the proximal end and the median level,
and one at 120 days at the proximal end.

Type I fibres
In regenerating muscle, we observed very few type I fibres

(O.7 + O.Z%),wtth no differences in their proportions between
the three cross-section levels (Fig. 2, c). They are randomÿ
distributed throughout the muscle either isolated or in small
groups of three or four fibres (Fig. 4 D, E, F.). There is no
significant evolution during the course of muscle regeneration.

Discussion

Isomyosins and fibre types in control EDL
Rat EDL is considered a typical fast-twitch muscle, but its

flbres are of various types. According to Okada et aL f?Âf, most
of its fibres are either of type IIB 0 go) or IIA (23Vo),wlth a
small fraction of typl(6Vo).The histochemical ATPase activ-
ity reflects the myosin heavy chain compæition [35,36]. Thus
the proportions of the myosin heavy chains must reflect those
reported for the f,bres types. We have iodeed observed pro-
portions of healy chains coherent s/ith fibre types: 73.5Vo of.
MHC2B and 26.57o of MHCZA {Fr* 2)- The slow myosin
heavy chain, MHC1, is observed mly iD two muscles: it is
probable that the proportion of this beavy cüain is too small to
be efficientÿ detected by the electrqtuetic analysis. As a
substitute, we have thus examined t[e dbtribution of type I

!
aIa
o

Ea

a
o

Ë

r20

d.ÿa

Seven out of 23 control muscles Gab. 1) contain the inter-
mediate myosin (IM) identified by a mobiliry of 113.5 -r 0.6
[25]. The isomyosin IM islocalized at rhe proximal endwith an
average proportionof.?3Vo.Onÿone out of seven muscles had
IM in its middle portion, and none contained IM at its distal
end.

Type Ifibres
The proportion of MHC1 in rar EDL muscle is small [25] and

probably under the detection level of the elecfophoretic
method in mct of the musclesstudied in the presentwork. We
have thus complemented the electrophoretic analysis with an
histochemical staining for the ATPase reaction of type I f,bres
to evaluate the distribution of MHC1.

In confirmation of earlier workof Balice-Gordon and Thom-
pson [1], we observed that spe I fibres are mainÿ localized in
the anterior part of the muscle (Fig. a A, B, C). We further
observed that type I are preferentialÿ localized at the proximal
end of the muscle. The proportion of type I fibres decreases
significantÿfrom 6.8 -r O.47o attheprodmal end to 4 .g + 0.37o
at the median section and 2.8 + 0,3Eo at the distal end. Simul-
taneously, the area rich in type I fibres shrinks (Fig. 2c and 4
A B, C).

RegeneratingMuscles

Myosinheary cha*a

EDL muscle regenerating ftom a mince contains the same
myosin heavy chains that are present in control muscle but
their relative proportions are reversed. At 30 days post-
surgery, there is approximately 70Vo of MHC2Aand30% of
MHC2B (Fig. 1a, 2; F.rg. Z a, b). During regenerarion the
proportions of the myosin heavy chains tend to return to
control values but the recovery is not yet completed 120 days
post-surgery. No differences in proportions of myosin heavy
chains are observed along the length ofthe muscles.

+:,
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isoforms detection in control and

Mobility
IM
113.5
'r-0.6

FM:
118.1
+0.2

FMz
1"4 a

+0.2

FMr
tn.o
+O.2

Frequency in control
muscles
(n = 23)

30 dal,s (n = 7)
post surgery

60 days (n = 8)
p$t surgery

120 days (n = 8)

7r?3

u7

018

1Æ

23123 23123 %r23

217

5t8

7n

8/8

7t'7

818

IIVI = intermediate myosin; EM = fast twitch myosinl n = numtrer of muscles. The data sholv the frequency with \Â'hich the

isomyosin are detected. The mobility is the electrophoretic mobility (mean t SEM) of the isomyosin (see methods)'

fibres by histochemistry' and found a frequency of 4'8 t' O'31o,

in fair agreement with Otr.adaet aL l?Â}
In earlierworks, the distribution of fibres inEDLmuscleshas

been examined in cross-sections obtained from the middle part

of the muscle 131.,?3,1]. We have extended the observations

to cross-sections ootainéd nom the proximal and distal ends of
the muscle, and we have found tbat there also exists a longi-

tudinal distribution of myosin heavy chains (Fig' 2 a, b) and' by

inference, of flbre type§. Proximal sections contain relatively

more MHC2A and'are presumably richer in type IIA fibres,

whilst the rever§e i§ truc for distal sections, which contain

relatively more MHC2B, and are thus presumably richer iu

type IIÉ fibres. The proximodistal gradient II-MIB can be

".iirnut"o 
from the ràtlo t tgcza/uH.C2B'- 0'81 proximally,

0.50 medially and 0.34 di§tally. This ratio decreases nearly

linearÿ atong tfre leg axis. Since type IIB f,rbres which contain

MHCâB conlract faster [32] and give more mechanical power

[4] than Type IIA fibres, EDL muscle appears to contract

faster distally than ProximallY.
The native isomyôsins FM3, FMz also show a pro:rimo-distal

distribution (Fig. 3), the proportions of FM3 being highest

proximally, uào tt ose of FMz being highest di§tally' The pro-

portions ôf rut1 are con§tant at all levels' It is known that FMl

L an homodimer of LClt, FMz an heterodimer of LCtt LCsr

and EM: an homodimer of L Ctl221' One may thus infer from

our observations that the distal end is proportionally richer in

LC:r than in LCrrwhen compared to the proximal end' The

pnÿsiofogicaf significance of the light chains repartition be-

i*é"n tërraodl-C:ris still uncertain; ifwe accept the frequent

suggestion that the velocity ofcontractionincreases in propor-

tioTïtn LCgr we again come to the conclusion that the distal

end of EDL contracts faster than its proximal end' Eventually,

we note that intermediate i§omyosin,IM,which contracts more

slowly than the fast myosin [2fl is localized proximally in the

few ÉDL muscles where it is present; this observation further

supports the conclu§ion that thevelocity of contraction in EDL

mùicte increases from its pro:rimal end to its distal end'

Besides the longitudinal distribution of isomyosin, EDL

muscle shows also a transversal organization that is known

Figm 4. Micrograpta of cross-secions af conîol and regener-

ated mtuctts (X 14).4 B, C, control muscle; type I fibres
ore mainly lacalized on the ight side olthe datted lines;

D, E, F, regenerate mwcles at 120 days post-sur§eQ;4

D, proximnl end; B, E, median sectio4 C,F, distal end
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since a long time and which we conf,rm in this work. Type I
f,bres are segregated in the anterior part of the muscte 1Sf , t1.
This segregation is preserved at all levels, but the relative areà
of distribution shrinks prmimo-distatty €rS. 4 A,B, C). This
fact is again in line with the idea that EDL muscle conrracts
more slowÿ at its prGimal end than at its distal end.

Isomyosins ond fibre types in regeneraing EDL
Thedistributiou of fast myosin heavy chains undergoes inter-

esting chauges during regeneration. In early phase of regener-
ation (30 days), the proportion of MHC2B is less than30%,
approximately half of that observed in control muscles (Fig.
2t). ï.ater, this proportion rises to 40-50% (120 days), still lesl
than in mntrol muscle. Obüously, there is a trend in regener-
ating muscle to normalize the proportions of myosin heavy
chains. It is probable that this change is mediated by the activity
pattern of motoneurons which determines the expression of
fast or slow isomyosins [8, 17, 20]. This trend may also account
for the increase in shortening velociÿ observed as regeneration
proceeds [10, 11, 15,t6,26), since the shortening velocity of
fibres containing onÿ MHC2B exceeds that of those contain-
ing onÿ MHC2A [32]. Contrasting wirh the changes in myosin
heavy chains during regeneration, the proportions of native
isomyosins do not change. They are, however, not identical to
cotrtrol and do not show any wolution towards control values
(Fig. 3). Regenerating muscles contain especially low amounts
of FMr. This might indicate by inference rhat regenerating
muscles have less fast myosin üghr+hains 3 (LCs$ rhan con-
trols. Such a deficit in LCrr has already been reported in rat
regenerating muscle by Kelly and Rubinstein [19], and by
Strohman and Matsuda [37] in the case of regenerating
chicken pectoralis major.

- 
The proportion of type I f,bre is smaller than in controls (Fig.

2c),and theirdistribution is random, incontrastwith the spatiàl
arrangement observed in control muscle, The latter fact could
be explained by the mechanism of innervation which app€ars
different during regeneration and embryogenesis. According
to Balice-Gordon & Thompson [1], the typical fibre distribu-
tion of adult EDL muscles depends on the embryonic diüsion
ofthe nerve into two distinct branches and their subsequent
divisions. In our experimental procedure, the nerve is cut
proximalÿ to its bifurcation. If axons growing into the regener_
ates innervate the regenerating fibres at random, the typical
architecture of EDL muscle cannot be reconstructed. The
smaller proportion of type I fibre might be explained by the
competition between the numerous axons of fast motoneurons
and the few axons of slow motoneurons: once innervated,
myotubes become reftactory to further innervation 12,33).
Such an explanation could also account for the observation
that type I f,bres are often present in groups of two or three
f,bres, probably innervated by the same axon of a slow moto_
neuron.

Spatial organization in regenerating EDL
Regenerating muscles completeÿ lack the remarkable spatial

organization of control muscles in which myosin heavy chains
as well as fibre t)?es are arranged not onÿ along an antero-pos-
terior axis but also along the proximodistal axis of the muscle.
The mincing procedure destroys this architecture, and the
regenerative processes do not restore it, even after 120 days.
The reasons for this failure might be found in the hypotheiis

Regenerating HIL nostte*

of randm innematiæ alrea§ propmed to account for loss of
the sptiâl organizatioü of ÿpe I fibres.
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