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Abstract

The extraocular muscles are highly specialized muscles responsible for the complex
movements of the eyeball. They differ from other skeletal muscles in many respects,
including fundamental components of the contractile apparatus and the extracellular
matrix. Using immunohistochemistry and a battery of well-characterized antibodies, we
have investigated the composition of the cytoskeleton of their myofibers with respect to
desmin, vimentin, and nestin. In the adult and fetal human extraocular muscles, a sub-
group of the slow tonic muscle fibers is lacking desmin. These fibers, which are multiply
innervated, show a normal myofibrillar arrangement, maintained mitochondrial distri-
bution, and sarcolemma integrity. Desmin, the most abundant intermediate filament protein
in muscle, has been considered a ubiquitous protein in skeletal muscle fibers where it
links adjacent myofibrils and the myofibrillar network to the sarcolemma, the mitochon-
dria and the membrane of the nuclei. The functional implications of the lack of desmin
remain to be determined, but these findings represent a paradigm shift, as desmin has
been regarded a ubiquitous protein of the cytoskeleton of muscle fibers.

Keywords: desmin, human, extraocular muscle, myosin heavy chain slow tonic,

multiple innervation

1. Introduction

The extraocular muscles differ significantly from other muscles in the body, including their
structural composition, physiological properties, and response to disease [1-3]. Because the
extraocular muscles are more resistant to a number of diseases than the other muscles [3], it has
been hypothesized that a better understanding of their composition may provide useful clues to
develop strategies to face the challenge posed by muscle dystrophies and other neuromuscular
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diseases. We have studied the composition of the human extraocular muscles with respect to
the myosin heavy chains (MyCHs) [4], the major determinants of contraction velocity and force;
SERCA-1 and SERCA-2 (sarco/endoplasmic endoreticulum calcium ATPase) [5], two important
calcium transportation proteins; laminins [6], major components of the basement membrane and
a number of proteins relevant for the neuromuscular junctions, e.g., gangliosides [7]. Because
data on the composition of the cytoskeleton in the human extraocular muscles were lacking
and because defects in the desmin gene cause myopathy and cardiomyopathy, we recently also
investigated the distribution of the major intermediate filament proteins, desmin, vimentin, and
nestin in the human adult extraocular muscles, using immunohistochemistry in serial sections
and in 1-um thick sections [8].

Desmin has been regarded as a ubiquitous protein in skeletal muscle fibers, being the first
muscle-specific protein detected during development [9]. Desmin is the most abundant inter-
mediate filament protein in muscle fibers, forming a three-dimensional scaffold along the
entire muscle fiber. Desmin links adjacent myofibrils at the Z-discs, and it links the most
peripheral myofibrils to the sarcolemma and to the membrane of the nuclei. It also links the
myofibrils to other organelles, such as the mitochondria [10-12].

In spite of being the first muscle-specific protein expressed early during muscle development
and being so abundant in mature muscle fibers, desmin is not strictly necessary for myo-
genesis or muscle fiber maturation (reviewed in Refs. [13, 14]). Desmin knockout (KO) mice
develop rather normally, but they develop a cardiomyopathy and/or a skeletal myopathy that
predominantly affects highly used muscles, such as the diaphragm. Early muscle differentia-
tion appears normal but with time signs of pathology develop. The affected myofibers show
misaligned myofibrils with the loss of anchorage to the sarcolemma and mitochondrial abnor-
malities. Data from the desmin KO animals indicate that desmin is essential for the integrity
of highly used skeletal muscle and for proper mitochondrial morphology and positioning but
that it is not essential for muscle development. In contrast, these desmin KO animals show
affected regeneration capacity, with adipocyte accumulation and abnormal neuromuscular
junction morphology. Furthermore, in this animal model, desmin seems to be necessary for
proper excitation-contraction coupling and respiratory function [13, 14].

Patients with defects in the desmin gene develop progressive skeletal myopathy and cardiomy-
opathy, although the age of onset of the disease may be rather high. Desmin-related myopathies,
which may be familial or sporadic, are generally characterized by the formation of abnormal
desmin aggregates and have heterogeneous clinical hallmarks, which may include neuropathy
and smooth muscle involvement, in addition to skeletal muscle and heart symptoms [13].

The complexity of actions performed by the extraocular muscles is reflected in their distinct
fiber type composition and structural organization that differ substantially from ordinary
skeletal muscles [1, 2]. The extraocular muscles are among the fastest muscles in the human
body, yet they are extremely fatigue-resistant. Their muscle fibers are organized into two
layers: the orbital layer, closest to the orbital wall, and the global layer, facing the bulb. The
muscle fibers in the orbital layer have a smaller diameter and do not extend the full length
of the muscle. The muscle fibers in the extraocular muscles have small diameters, are loosely
arranged in a bed of connective tissue, are richly supplied by capillaries, and belong to very
small muscle units.
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The fiber type composition of the human extraocular muscles is very complex [4, 15]. Typically,
the muscle fibers in the human extraocular muscles contain several myosin heavy chain
(MyHC) isoforms, including isoforms not typically found in mature skeletal muscle such as
MyHC embryonic and fetal, MyHC alpha cardiac, MyHC extraocular, and MyHC slow tonic
and the composition of the muscle fibers varies along their length [4, 15]. A particular fiber
type contains MyHC slow tonic, and it is multiply innervated. In the orbital layer, these fibers
also have a twitch motor endplate in the middle portion, whereas those in the global layer
seem to be tonic along their entire length (reviewed in Refs. [1, 2]).

The gene expression profile of the extraocular muscles differs fundamentally from that of the
limb muscles with respect to metabolic pathways, structural components, developmental and
regeneration markers, by over 300 genes [16]. Indeed, the extraocular muscles are classified as
a separate muscle allotype (a class of muscles), in contrast to the other allotypes: (i) the limb
and trunk muscles and (ii) the masticatory muscles [17].

The extraocular muscles also differ from the other muscles in the human body by their par-
ticular response to disease [3]. The extraocular muscles are selectively affected in autoimmune
disorders such as myasthenia gravis, Miller-Fisher syndrome, and Grave’s ophthalmopathy.
In contrast, they are strikingly spared in various muscular dystrophies such as Duchene and
Becker muscular dystrophy, limb-girdle, and congenital muscular dystrophies that are dev-
astating for the other muscles in the body, by causing severe weakness, loss of ambulation,
and early death [18].

Here, the present state of knowledge regarding the composition of the cytoskeleton of human
extraocular muscles with respect to desmin, vimentin, and nestin is reviewed [8].

2. Lack of desmin in fibers of the human extraocular muscles

The vast majority of muscle fibers in the extraocular muscles contain desmin (Figure 1), as
expected, but the muscle fibers containing MyHC slow tonic show different staining patterns
concerning desmin, irrespective of whether they are present in the orbital or global layers [8].
Some of these muscle fibers apparently lack desmin completely (Figure 1), both at the subsar-
colemmal level and in between myofibrils, as they are completely unstained by a battery of
mono and polyclonal antibodies against desmin.

In thin sections (1 um, Figure 2), a normal myofibrillar organization of these muscle fibers is
apparent and antibodies against MyHC slow tonic and/or MyHC slow label them, but they
are completely unlabeled by different antibodies against desmin. Three additional staining
patterns are present among the muscle fibers containing MyHC slow tonic in the human adult
extraocular muscles: (i) muscle fibers that show desmin only subsarcolemmally; (ii) muscle
fibers with desmin staining present both between myofibrils and below the sarcolemma, but
with extremely weak staining intensity and (iii) muscle fibers showing a typical desmin cyto-
skeleton pattern, as shown in the other muscle fibers (Figure 2). Moreover, the lack of desmin
in the myofibers containing MyHC slow tonic is already present in fetal human extraocu-
lar muscles at 16 and 18 weeks of gestation. The pattern of distribution of mitochondria is
maintained in all adult muscle fibers [8].
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Figure 1. Cross-section (5 pm) of adult human extraocular muscle double-stained for desmin (A, red) and MyHC slow (B,
green). The merged picture of A and B is shown in C. Examples of muscle fibers lacking desmin are marked with an asterisk.

Figure 2. Thin section (1 um) of adult human extraocular muscle double-stained for desmin (A, red) and MyHC slow
tonic (B, green), showing a muscle fiber lacking desmin (asterisk) both in between myofibrils and under the sarcolemma.
A merged picture with both stainings is shown in C. The typical distribution of desmin is seen in the other two muscle
fibers shown. Notice that all three muscle fibers contain MyHC slow tonic.
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Nestin does not appear to substitute for desmin in the desmin-negative muscle fibers,
although nestin is present in a very large number of normal adult muscle fibers in the human
extraocular muscles. Vimentin is not present in any muscle fibers in the adult human extra-
ocular muscles [8].

More recently, the absence of desmin has also been reported in slow muscle fibers of the
uvula and palatopharyngeal muscles [19]. These fibers contain MyHC slow but lack MyHC
slow tonic and they are also unstained with antibodies against the C-terminal of dystrophin.
Similarly to the extraocular muscles, nestin and vimentin do not compensate for the lack
of desmin in these muscle fibers [19]. The uvula and palatopharyngeal muscles are highly
specialized and unusual in that they lack a firm bony attachment at least at one end and the
authors suggest that the lack of desmin in a subgroup of the fibers in these two muscles likely
reflects specialization to meet the complex requirements of oropharyngeal functions [19].

The presence of normal adult muscle fibers lacking desmin is a paradigm shift as this cytoskeletal
protein has been regarded as ubiquitous in normal skeletal muscle fibers. Because the absence
or presence of only trace amounts of desmin in muscle fibers of the human extraocular muscles
is confirmed with a polyclonal antibody and two different monoclonal antibodies, in both 5 and
1 pm sections, it is not likely that the findings are due to differences in epitope availability.

The absence of desmin in KO animals primarily leads to pathological changes in highly used
muscles [13, 14, 20]. The extraocular muscles are also highly used muscles, but it may be so
that the muscle fibers containing MyHC slow tonic and lacking desmin are used in a different
pattern. These muscle fibers are typically multiply innervated, have a sustained mode of con-
traction, and they have been suggested to play a role in proprioception [9]. The fact that (i)
no abnormalities in the pattern of mitochondria distribution are present in the fibers lacking
desmin in the human extraocular muscles, along with (ii) a maintained myofibrillar organi-
zation, (iii) maintained fiber integrity, and (iv) the early establishment of this pattern during
development [8] strongly suggest that the lack of desmin is indeed a special feature of these
muscle fibers. These findings really represent a paradigm shift, as desmin can no longer be
considered ubiquitous in muscle fibers and its ascribed fundamental role anchoring the mito-
chondria apparently does not apply to all muscle fibers.

Desmin is a crucial cytoskeletal protein in the vast majority of muscle fibers, and it is proposed
to be fundamental for maintenance of fiber integrity, force transduction, and mechanochemical
signaling as it links the contractile elements both to the sarcolemma and to the nuclear mem-
brane [14, 21]. However, it is difficult to speculate on possible physiological consequences of
the absence of desmin on these slow tonic muscle fibers of the human extraocular muscles,
and further studies correlating structural properties and physiological behavior are required.

3. Conclusions

Against all previous knowledge, desmin is lacking in a subgroup of normal myofibers in the
human eye muscles [8]. Furthermore, nestin does not compensate for the lack of desmin, but
an important number of muscle fibers normally contains nestin in these adult muscles.
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The finding of normal muscle fibers lacking desmin in adult and fetal human extraocular
muscle represents a paradigm shift as desmin has been regarded as ubiquitous in muscle
fibers. The presence of nestin in normal mature muscle fibers further emphasizes that the
extraocular muscles differ fundamentally from the other muscles in the body.
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