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Aim. Anal y sis of fi ber type com po si tion and fi ber size of extensor digitorum longus (EDL) mus cle in rats dur ing 30 days of
denervation.
Methods. Fi ber types were de fined immunohistochemically us ing monoclonal an ti bod ies spe cific for slow (type I) and fast fi -
bers (type IIA, IIX, and IIB). An ti bodies were ap plied on trans verse sec tions of denervated extensor digitorum longus mus cles 
, 12, and 30 days af ter denervation. Cross sec tional area of mus cle fi bers was an a lyzed morphometrically by com put er ized
im age anal y sis.
Re sults. Con trol EDL mus cle was com posed of 41% of type IIB, 32% of IIA, 23% of IIX, and 4% of type I mus cle fi bers. The
most pro found ef fect of denervation was ob served 30 days af ter the transection of the sci atic nerve. Denervation de creased the
per cent age of both type IIB and type IIX mus cle fi bers to 36% and 13% of the con trol mus cle, re spec tively (p<0.001 for both),
and in creased the per cent age of types IIA and type I mus cle fi bers to 42% and 9% of the con trol, re spec tively (p<0.001 for
both). Morphometric anal y sis re vealed pro gres sive at ro phy of all fast mus cle fi bers, which started 6 days af ter denervation
(p<0.001). Thirty days af ter the sci atic nerve transection, a strong re duc tion in fi ber size of type IIA, IIX, and IIB mus cle fi bers
was ob served (p<0.001 for each type). Type I mus cle fi bers ini tially showed the re duc tion in fi ber size (p<0.001) but re gained
the size of con trol fi bers un til day 30.
Con clu sion. Denervation de creased the per cent age of type IIX and IIB mus cle fi bers, with con com i tant in crease in type IIA
and type I mus cle fi bers. The re duc tion in fi ber size was ob served in type IIA, IIX, and IIB mus cle fi bers.
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In adult mam mals, four dif fer ent types of skel e tal
mus cle fi bers can be iden ti fied by use of spe cific
monoclonal an ti bod ies to my o sin heavy chain isoforms
(1): slow-contracting fi bers, called type I, con tain ing the
slow my o sin heavy chain (β/slow-myosin heavy chain),
and 3 dif fer ent types of fast-contracting fi bers, called
IIA, IIX, and IIB, which ex press IIA-, IIX-, and
IIB-myosin heavy chains, re spec tively.

Skel e tal mus cle fi bers are dy namic struc tures ca pa -
ble of al ter ing their pat tern of my o sin gene ex pres sion.
Fi ber type com po si tion of adult mus cles can rap idly
change in re sponse to denervation (2), elec tri cal stim u la -
tion (3), hor mones (4), over load ing (5), and un load ing
(6). Among these fac tors, innervation seems to be cru cial 
for main te nance and plas tic ity of fi ber type-specific pro -
files (7-9).

The role of innervation has been in ves ti gated also
by denervation ex per i ments (10-15). By us ing mus cle re -

gen er a tion model in adult rats, it has been shown that ac -
qui si tion of a slow my o sin heavy chain mRNA pro file
de pends on the pres ence of a slow nerve, whereas the ap -
pear ance of an adult fast my o sin heavy chain mRNA
does not de pend on innervation (2).

The ab sence of nerve im pulses in fast extensor
digitorum longus mus cle dur ing denervation leads to the
pro gres sive at ro phy of skel e tal mus cle fi bers (11,12).
Most pre vi ous stud ies used the myo fibrillar adenosine
triphosphatase (mATPase) his to chem is try to clas sify
mus cle fi ber types I, IIA, and IIB (16). How ever, type
IIX mus cle fi bers could not be suc cess fully de lin eated by 
that method, so the knowl edge about the changes in fi ber
type IIX has not been suf fi cient. The aim of this study
was to ex plore the changes in fi ber dis tri bu tion and fi ber
size of all mus cle fi ber types. In or der to in ves ti gate the
ex pres sion pat tern of all my o sin heavy chain isoforms in
denervated extensor digitorum longus mus cle, we used
immuno histochemistry method. The changes in mus cle
weight and fi ber size were eval u ated dur ing 30-day
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denervation. The cross-sectional area of mus cle fi bers
was as sessed by com put er ized im age anal y sis.

Materials and Methods

An i mals
Twenty-seven male Wistar rats, 2.5-3 months old (body weight

300±20 g), were used. Over the pe riod of the study, all an i mals were
pro vided with stan dard lab o ra tory food and wa ter ad li bi tum .

Sur gi cal Pro ce dures
Prior to the ex per i ments, the an i mals were an es the tized with an

intraperitoneal in jec tion of ketaminhidroxichloride (Ketamine,
Parke-Davis , Mi lan, It aly), in a dose of 25 mg/kg. Denervation of the
extensor digitorum longus mus cle was per formed by uni lat eral right
sci atic nerve transection prox i mally to its branch ing. Re moving a 0.5
cm seg ment of the nerve and plac ing the ends into nearby mus cles
pre vented reinnervation. The over ly ing mus cles and skin were then
su tured. The an i mals were sac ri ficed by cer vi cal hyper ex tension in
groups of six rats, 6, 12, and 30 days af ter denervation. Non-operated
an i mals in groups of 3 served as a con trol. Ex per i men tal mus cles
were care fully freed from the sur round ing tis sue, re moved, weighted,
frozen in liq uid ni tro gen, and stored at -80°C un til fur ther anal y sis.

Immunohistochemistry
Monoclonal an ti bod ies spe cific for fi ber type I (BF-F8), IIA

(SC-71), IIB (BF-F3) and type IIX (BF-35) (17,18) were used in
stain ing a se rial of 10 µm trans verse cryosections for slow and fast
my o sin heavy chain isoforms. Prof. Stefano Schiaffino, De part ment
of Bio med i cal Sci ences, Padua, It aly do nated the an ti bod ies. Slides
were in cu bated with monoclonal an ti bod ies (1:1000) in phos -
phate-buffered sa line (PBS) at room tem per a ture for 30 min utes. Af -
ter three wash steps in PBS, slides were in cu bated at room tem per a -
ture for 30 min with peroxidase-labeled rab bit anti-mouse IgG (Dako
A/S, Co pen ha gen, Den mark) in PBS (1:40). Af ter be ing washed
twice in PBS, the slides were in cu bated in 50 mL of
diaminobenzidine (DAB) so lu tion (0.5 mol/L Tris HCl, pH 7.6, 15
mg of DAB, 100 µL of H2O2, 25 mg of imidazole) at room tem per a -
ture for 20 min. Finally, the slides were dried and mounted in Can ada
bal sam.

Fi ber Typing and Morphometry
The fi ber type fre quen cies and cross-sectional ar eas were

an a lyzed by the com puter pro gram for quan ti ta tive anal y sis
“SFORM” (VAMS, Zagreb, Croatia). One hun dred fi bers of each 
type were mea sured by mov ing a pen along the cir cum fer ence of
the fi bers. Mean fi ber size with stan dard de vi a tion (SD) was cal -
cu lated. Con trol groups were used for com par i son with
denervated mus cles. Sta tis ti cal eval u a tions were per formed by
Stu dent t-test at p<0.001 level of sig nif i cance.

Results

Mus cle Mass
As a con se quence of denervation, extensor

digitorum longus mus cle un der went at ro phy, as ev i -
denced by the de creased mus cle mass, 6, 12, and 30 days
af ter denervation (Fig. 1). Extensor digitorum longus
mus cle lost 23% of its mus cle mass at con trol weight as
early as 6 days af ter denervation. Mus cle mass con tin ued 
to de crease and one month af ter the denervation, it was
re duced to only 44% of the con trol mus cle mass.

Fi ber Types fol low ing Denervation
Con trol extensor digitorum longus mus cle was

com posed of 41% of type IIB fi bers, 32% of type IIA,
23% of type IIX, and only 4% of fi bers type I (Fig. 2). All 
fast fi ber types were af fected on 6th day of denervation
(p<0.001 only for IIA and IIB fi ber types). Af ter 30 days
of denervation, the num ber of type IIB and IIX fi bers de -
creased. The per cent age of type IIB fi bers was re duced
from 41% to 36% (p<0.001). The per cent age of IIX type
of fi bers was re duced even more, and af ter 30 days, de -

creased sig nif i cantly from 23% to 13% (p<0.001). The
per cent age of fi bers type IIA and type I in creased from
32% to 42% and from 4% to 9%, re spec tively (p<0.001).

Fi ber Size fol low ing Denervation
Morphometrical anal y sis per formed on cross sec -

tional area of par tic u lar mus cle fi ber type in con trol
extensor digitorum longus mus cle showed that fi bers of
type IIB were the larg est, with the mean fi ber size of
4,913.4±1,123.0 µm2. Type IIX and IIA mus cle fi bers
had a mean fi ber size of 2,391.0±461.0 µm2 and
1,841.6±447.0 µm2, re spec tively. Finally, type I fi bers
had the small est fi ber size of 1,586.1±427.0  µm2 (Fig. 3).

Six days af ter denervation, the cross sec tional area
of type IIB and IIX fi bers was sig nif i cantly re duced
(p<0.001). One month later, the re duc tion of the fi bre
size of type IIX and IIB reached 75% and 72% of the
con trol, re spec tively (Fig. 3). The mean fi ber size of type
IIB fi bers was 1,373.8 ±413.0 µm2 (p<0.001), whereas
that of the type IIX fi bers was 606.1±224.0 µm2

(p<0.001). Six days af ter denervation, the at ro phy of
type IIA fi bers was also sta tis ti cally sig nif i cant
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Fig ure 1. Re duc tion in rat extensor digitorum longus mus cle
mass 6, 12, and 30 days af ter denervation. The mass of
denervated mus cles was com pared with a con trol mus cles and
ex pressed as a per cent age of a con trol mus cle. Each point rep -
re sents the mean value of 6 mus cles ± SD.

Fig ure 2. Changes in the fi ber type con tent of adult extensor
digitorum longus mus cle 6, 12, and 30 days af ter denervation.
Mus cle fi ber types are: square – type I, rhomb – type IIA, tri an -
gle – type IIX, and cir cle – type IIB. Each point rep re sents mean 
value ± SD. All ex per i men tal groups were com pared with the
con trol group and the as ter isk in di cates sta tis ti cal sig nif i cance
at p<0.001 level in com par i son with con trol.



(p<0.001). Af ter 30 days, the size re duc tion of type IIA
fi bers pro gressed, reach ing the mean fi ber size of
1,321.4±383.0 µm2 (p<0.001). Type I fi bers showed a re -
duc tion in fi ber size in the first 12 days (p<0.001) but later
on in creased in size, reach ing the con trol mean fi ber size
of 1,692.8±578.0 µm2 (p<0.001).

Discussion

We dem on strated pro gres sive at ro phy, which was
the most pro found in type IIB and IIX mus cle fi bers, and
changes in fi ber type com po si tion in rat extensor
digitorum longus mus cle one month af ter denervation.
Our re sults sug gest that all fast fi bers are not equally de -
pend ent on neu ral in flu ences. Pre vi ous stud ies per -
formed on exten sor digitorum longus mus cle have
shown ei ther re duc tion in fi ber size of mus cle fi bers type
IIB only (11) or mus cle at ro phy of type IIA and IIB fi -
bers, with type I fi bers show ing no sig nif i cant al ter ation
in cross- sectional area (12).

On the ba sis of spe cific en zymes in an aer o bic or
aer o bic-oxidative me tab o lism, mus cle fi bers can be clas -
si fied as ei ther ox i da tive (type I) or glycolytic (type II)
(16). We have shown that type I fi bers in creased only
slightly in fi ber size and seemed to be the most re sis tant
fi ber type to the loss of innervation. This is an in ter est ing
find ing be cause, among type II fi bers, the least sus cep ti -
ble for denervation are type IIA mus cle fi bers. These are
con sid ered fast type of fi bers, which re sem ble the most
to the ox i da tive type of fi bers. In gen eral, our re sults sug -
gest that denervation causes changes in the fi ber size of
all types of mus cle fi bers, but pre dom i nantly of type II fi -
bers, which seem to be more de pend ent on neu ral in flu -
ences than type I fi bers. Met a bolic path way of mus cle fi -
bers could be an im por tant fac tor in re sponse to
denervation, since the ox i da tive type of fi bers are the
most re sis tant to a lack of innervation.

Mus cle denervation elim i nates both trophic and ac -
tiv ity-related in flu ences and thus trig gers many changes
in my o sin heavy chain isoform ex pres sion (2). Our data
in di cate that fast-twitch extensor digitorum longus mus -
cle re sponds to al tered neuromuscular ac tiv ity very rap -

idly by change in the mus cle phe no type (Fig. 2). The al -
ter ations that ul ti mately lead to the changes in the level
of in di vid ual my o sin heavy chain isoform ex pres sion
sug gest that the pro cess of denervation can rap idly shift
the my o sin heavy chain pro file to wards ex press ing
slower isoforms, while de creas ing the ex pres sion of the
faster isoforms (IIB and IIX).

Mus cle denervation in hib ited the ex pres sion of IIB
my o sin heavy chain isoform sig nif i cantly. The re duc tion
of the IIB fi ber phe no type is not easy to ex plain, con sid -
er ing the fact that IIB mRNA con tin ues to ac cu mu late
even with out the con tin ual innervation in new born rat
hindlimb mus cles (19). On the other hand, the re duc tion
of IIB my o sin heavy chain isoform due to dener vation
was ob served at the mRNA level in an other fast mus cle,
the an te rior tib ial mus cle (14). Our study also showed a
dras tic down-regulation in the ex pres sion of IIB my o sin
heavy chain in myo tonic mus cles (20-22), in chronic
low-frequency stim u la tion of rat fast mus cle (23), in ex -
er cise train ing (24), and in me chan i cal over load ing (25).
In our study, the ex pres sion of IIX my o sin heavy chain
was sig nif i cantly di min ished, which is in dis agree ment
with the dem on stra tion of in creased pro por tion of IIX
my o sin heavy chain in 14-day denervated extensor
digitorum longus mus cle (15), but con sis tent with a
study that re vealed the re duc tion of IIX my o sin heavy
chain mRNA in an te rior tib ial mus cle (14). In ter est ingly,
in both slow (i.e., soleus mus cle) and fast (extensor
digitorum longus) mus cles, the lack of innervation in -
creased the ex pres sion of IIA my o sin heavy chain, sug -
gest ing that IIA my o sin heavy chain ex pres sion in the
ab sence of the nerve rep re sents a de fault pro gram (2).
The pro por tion of type I mus cle fi bers in creased sig nif i -
cantly, too. This sug gests that the “fast” mo tor nerve sup -
presses the ex pres sion of the type I my o sin heavy chain.

Our find ings may have im por tant clin i cal rel e vance. 
Dem on stra tion of changes in the early phases of
denervation in di cates that elec tri cal stim u la tion of
denervated mus cles by cor rect pat tern of fre quency (26)
could pre vent pro gres sive at ro phy and changes in mus cle 
phe no type caused by a lack of neu ral con trol.
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