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Six oculorotatory muscles and the levator palpebrae muscle of the rat were analysed by SDS-PAGE for their myosin heavy chain (MHC) isoform 
patterns. Oculorotatory muscles display a marked predominance of fast MHC isoforms. They contain, in addition to the slow (MHCI) and fast 
(MHCIIb, MHCIId, MHCIIa) skeletal MHCs, the neonatal MHC, and the extraocular MHC,,. The levator palpebrae, generally assumed to 
be a member of the extraocular muscle group because of its innervation by the ocohnnotor nerve, does not contain MHC, and MHC,,. It 

resembles a fast-twitch skeletal muscle with a predominance of MHCIId. 
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1. INTRODUCTION 

Mammalian extraocular muscles are highly special- 
ized. They are capable of performing very slow vergence 
and fusion movements, but their contractions are also 
among the fastest when compared to other cross-stri- 
ated muscles. They are characterized by low force out- 
put and high fatigue-resistance [l]. Furthermore, they 
display properties normally observed only in neonatal 
or denervated muscles, e.g. acetylcholine contractures 
[2]. As revealed by enzyme histochemical, immunocyto- 
chemical and electron microscopic studies, these prop- 
erties relate to specific fiber types and a characteristic 
fiber architecture [3,4]. 

To date, only a few studies exist on the myosin com- 
position of extraocular muscles. Wieczorek et al. [5] 
studied pooled extraocular muscles of the rat and were 
able to delineate at the mRNA level six myosin heavy 
chain (MHC) isoforms, an embryonic, a neonatal, a 
slow, one specific extraocular, and two fast skeletal 
MHC isoforms. The MHC,, isoform was also identi- 
fied by immunoblotting and immunocytochemistry at 
the protein level [6]. To our knowledge, MHC,,, has as 
yet not been identified electrophoretically. We were in- 
terested to characterize its electrophoretic mobility and 
also to investigate its distribution in various oculorota- 
tory muscles of the rat. The levator palpebrae, assumed 
to be a member of the extraocular muscle group because 
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of its innervation by the oculomotor nerve, was in- 
cluded in our study. 

2. MATERIALS AND METHODS 

2.1. Animals and muscles 
Six young adult Wistar rats were anesthetized and killed by exsan- 

guination, and the six oculorotatory muscles, as well as the levator 
palpebrae muscle were dissected under a stereomicroscope The mus- 
cles were collected separately, frozen in melting isopentane (- 159OC). 

2.2. Myosin extracts and myosin heavy chain electrophoresis 
Frozen muscles were pulverized under liquid N, in a micromortar 

[7j, homogenized in 0.3 M KCl, 0.1 M KH,PO+ 50 mM K,HPO,, 1 
mM EDTA, pH 6.5, and centrifuged at 12,000 x g. The supematant 
fractions were two-fold diluted with glycerol and stored at -25°C. 
Protein concentrations were determined according to Lowry et al. [8]. 
MHC isoforms were electrophoretically separated on 7-108 gradient 
polyacrylamide gels in the presence of sodium dodecyl sulfate as pre- 
viously described [9]. Several (36) electrophoreses were performed on 
the extracts prepared from each muscle. Extracts of the deep portion 
of the gastrocnemius muscle served as marker for the electrophoretic 
mobilities of the skeletal MHC isoforms. Gels were silver-stained [lo] 
and the percentage distributions of the various MHC isoforms were 
evaluated densitometrically. The results were expressed as means f 
S.D. 

3. RESULTS 

The electrophoretically separated MHC patterns of 
all six oculorotatory muscles differed markedly from 
those of normal fast-twitch skeletal muscle (Fig. 1). The 
oculorotatory muscles contained the fast-twitch 
(MHCIIa, MHCIId, MHCIIb) and slow-twitch 
(MHCI) skeletal isoforms. However, they contained 
two additional MHC isoforms, not present in skeletal 
muscles. One of these migrated between MHCIId and 
MHCIIb. Due to its proximity to MHCIId, its separa- 
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Fig. 1. Silver-stained SDS-PAGE of MHC isofonns in three oculoro- 
tatory muscles, levator palpebrae, and gastrocnemius muscles of the 
adult rat. Abbreviations: GA, gastrocnemius; LP, levator palpebrae; 
01, obliquus inferior; RM, rectus medialis; RS, rectus superior; HCI, 
slow MHC; HCIIa, HCIIb, HCIId, fast skeletal MHCs; HC,,, ex- 

traocular MHC; HC,,,, neonatal MHC. 

tion was not always complete. Based on previous stud- 
ies [l 11, this band was identified as the neonatal MHC, 

MHC,,,. The second additional MHC isoform dis- 
played an electrophoretic mobility intermediate be- 
tween the fast MHCIIb and the slow MHCI. Thus, the 
electrophoretic mobilities increased in the order of 
MHCIIa < MHCIId < MHC,, < MHCIIb < MHC,,, 
< MHCI. 

The MHC,, was never detected in skeletal muscles 
and was also not found in the levator palpebrae muscle 
(Fig. 1). We suggest that this band corresponds to the 
MHC isoform, MHC,,,, specific to extraocular muscles 
[WI. 

Results from densitometric evaluations are summa- 

rized in Table I. A characteristic of the oculorotatory 
muscles was their extremely low content of the slow 
MHCI. All six muscles displayed similar amounts 
(15%-20%) of MHC,,,. MHCIIb was the predominant 
isoform. When the relative concentration of MHCIIb 
was related to that of MHCIIa, small variations became 
evident. However, these differences were less pro- 
nounced when antagonistic muscles were compared 
(Table I). Thus, superior and inferior rectus muscles 
exhibited the highest relative amounts of MHCIIb and 
the lowest amounts of MHCIIa, MHCIId, and 

MHC,,,. The oblique muscles contained higher 
amounts of MHCIIa, MHCIId, and MHC,,, than supe- 
rior and inferior rectus muscles, the lateral and medial 
rectus muscles being intermediate. The levator palpeb- 
rae differed from the oculorotatory muscles as it did not 
did not contain MHC,, or MHC,,. It resembled that 
of a skeletal muscle with a predominance of MHCIId 
(Fig. 1, Table I). 

4. DISCUSSION 

To our knowledge, this investigation is the first com- 
parative electrophoretic study of MHC patterns in dif- 
ferent extraocular muscles. In addition, we characterize 
the electrophoretic mobility of MHC,,,,, an isoform 
specific to extraocular muscles [5,6]. This isoform is 
present in similar amounts in all oculorotatory muscles, 
but undetectable in the levator palpebrae muscle. In 
addition to MHC,,, oculorotatory muscles are charac- 
terized by the predominance of fast MHC isoforms and 
the presence of MHC,,,. 

On the whole, these results are compatible with the 
immunocytochemically assessed fiber type distributions 
[3,5,6,12]. Small deviations may result from the fact that 
fiber types differ in their cross-sectional areas. There- 
fore, percentages of fiber types and MHC isoforms may 
not be fully compatible. As to the existence of slow- 
tonic fibers [3], we were unable to identify this specific 

Table I 

Distribution of myosin heavy chain isoforms in six extraocular muscles and the levator palpebrae muscle of adult rat as evaluated by densitometry 
of silver-stained SDS-PAGE 

MHC isoform Percent of total MHC isoforms 

HCIIa HCIId HC,, HCIIb HC,, HCI 

Obliquus superior 
Obliquus inferior 

Rectus superior 
Rectus inferior 

10 f 2 18f2 51* 5 
13 + 1 8+2 8f2 51 + 1 

2f2 5f2 75 + 6 
2fl 4f3 2+1 69 f 2 

Rectus medialis 7fl 16rt 1 54 f 1 
Rectus lateralis 5+3 16 f 8 59 +. 2 

14 f 3 -1 
20 + 1 % 1 

18f4 z 1 
21+2 2fl 

20 f 1 3fl 
19* 1 ?z 1 

Levator palpebrae 16&3 64f8 0 17*4 0 3+1 

Values are means f SD. (n = 3-6). 
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MHC isoform. Because slow-tonic fibers represent an 
extremely small population in the oculorotatory mus- 
cles, their MHC isoform may have been below electro- 
phoretic detectability. It is also possible that MHCI,,, 
displays an electrophoretic mobility similar to that of 
MHCI and, thus, escaped detection. 

The very high shortening velocity of rat oculorota- 
tory muscles [13] suggests that this property relates to 

MHC,,,. This isoform should be the fastest and display 
the highest ATPase activity. It has been demonstrated 
that extraocular muscles exhibit higher ATPase activi- 
ties than skeletal muscles [14]. The sum of MHC,, and 
MHCIIb, the fastest among the skeletal MHC isoforms 
[15], amounts to 70-90% of the total MHC isoforms in 
the oculorotatory muscles. This predominance of fast 
isoforms is the basis for fast cross-bridge cycling. Spec- 
ulating on this line, the superior and inferior rectus 
muscles with 90% relative concentration of MHC,, 
and MHCIIb, might be the fastest oculorotatory mus- 
cles. 

The finding that the levator palpebrae displays a 
MHC pattern different from that of those oculorotatory 
muscles innervated by the same (oculomotor) nerve, is 
relevant in view of the role innervation is thought to 
exert on muscle fiber phenotypes [16]. Obviously, the 
differences in myosin expression between these muscles 
is intrinsically programmed and relates to their develop- 
mental origin from different cell lineages 
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