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PURPOSE. The purpose of this study was to investigate the cytoskeletal composition of
myotendinous junctions (MTJs) in the human extraocular muscles (EOMs). Desmin and
other major cytoskeletal proteins are enriched at the MTJs of ordinary myofibers, where
they are proposed to be of particular importance for force transmission and required to
maintain myofiber integrity.

METHODS. EOM and limb muscle samples were analyzed with immunohistochemistry
using antibodies against the intermediate filament proteins desmin, nestin, keratin 19,
vimentin, and different myosin heavy chain (MyHC) isoforms. MTJs were identified by
labeling with antibodies against laminin or tenascin.

RESULTS. In contrast to MTJs in lumbrical muscle where desmin, nestin, and keratin 19
were always present, approximately one-third of the MTJs in the EOMs lacked either
desmin and/or nestin, and all MTJs lacked keratin 19. Approximately 6% of the MTJs in
the EOMs lacked all of these key cytoskeletal proteins.

CONCLUSIONS. The cytoskeletal protein composition of MTJs in human EOMs differed
significantly from that of MTJs in limb muscles. These differences in cytoskeletal protein
composition may indicate particular adaptation to meet the functional requirements of
the EOMs.

Keywords: extraocular muscles (EOMs), desmin, nestin, keratin 19, vimentin, cytoskeletal
protein, myotendinous junctions, force transmission

The myotendinous junction (MTJ) is the specialized site
for force transmission from the intracellular contrac-

tile proteins of the myofiber to the extracellular connective
tissue proteins of the tendon.1 The myofibers terminate at
MTJs with digit-like projections surrounded by a basement
membrane rich in laminin, tenascin, and collagen fibers on
the tendon side.2,3 The muscle side of the MTJs is particu-
larly rich in cytoskeletal intermediate filament proteins asso-
ciated with force transmission from the thin filaments to
the cell membrane. The cytoskeleton is particularly impor-
tant for the establishment of series and parallel connections
with the contractile proteins resulting in a cytoskeletal lattice
through which force can be transmitted. Furthermore, inter-
mediate filament proteins also link components of myofib-
rils to membrane protein complexes along the surface of
the myofiber, enabling lateral transduction of force gener-
ated during muscle contraction.4

Desmin, the first muscle-specific protein detected during
development, is the major intermediate filament protein in
myofibers, linking adjacent Z-discs in neighboring myofib-
rils and connecting the most peripheral myofibrils to the
costameres in the subsarcolemmal cytoskeleton.5 Desmin
also provides a network to interconnect nuclei, mitochon-
dria, and other cytoplasmic organelles, and is consid-
ered pivotal for maintenance of mature myofiber integrity
upon loading and continued use. Lack of desmin targets
highly used muscles working against high loads.6 Desmin

is enriched at MTJs as well as neuromuscular junctions
(NMJs) in limb muscle. Nestin and vimentin are two addi-
tional important intermediate filament proteins that are co-
expressed with desmin during skeletal muscle develop-
ment.7 Nestin expression is downregulated during muscle
maturation and in adult muscle it is restricted to NMJs
and MTJs8,9 as well as regenerating myofibers.10 Vimentin
is widely expressed in skeletal myofibers in the early
and middle stages of muscle development and becomes
completely undetectable in fully developed myofibers.11

Keratin 19, another intermediate filament protein expressed
in developing muscle but downregulated as myofibers
mature, is present at both the Z-discs and the M-band of the
most peripheral myofibrils linking them to the sarcolemma
in mature muscle.4,12,13

Extraocular muscles (EOMs), consisting of four rectus
and two oblique muscles, are highly specialized muscles
responsible for the complex eyeball movements. In order
to optimize perception and maintain stereo-vision in every
gaze position, it is necessary to perfectly control and coor-
dinate the delicate eyeball movements. The complexity of
actions performed by the EOMs is reflected in their distinct
myosin heavy chain (MyHC) composition, structural orga-
nization, innervation patterns, and physiological properties,
that separate them from other skeletal muscles.14–16 Desmin
was regarded as a ubiquitous muscle protein until we
reported absence of desmin from a subgroup of normal and
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intact myofibers in the adult human EOMs.17,18 We initially
reported absence of desmin in a subgroup of myofibers
containing MyHC slow-tonic and MyHCI (MyHCsto/I)17 but
we have recently shown that there is a complex relation
between desmin content and innervation in the EOMs.18

In the present study, we investigated the intermediate fila-
ment protein composition with respect to desmin, nestin,
keratin 19, and vimentin in relation to myofiber types at
MTJs in the human EOMs. We found that there are important
differences between MTJs of EOMs and limb muscles.

MATERIAL AND METHODS

Human Muscle Samples

Nine normal human samples were collected from the ante-
rior portion of the lateral rectus, superior rectus, medial
rectus, and inferior rectus muscles of 6 men with a mean age
of 66 years (range = 42–83 years old) and lumbrical muscles
of the hand from one man (75 years old) and one girl (13
years old) at autopsy, with the approval of the Regional Ethi-
cal Review Board in Umeå and was completed in accor-
dance with the principles of the Declaration of Helsinki.
The muscles were obtained from deceased individuals who,
when alive, chose to donate their eyes and other tissues post-
mortem for transplantation and research purposes, accord-
ing to Swedish law. All donors met the criteria for tissue
donation for transplantation and none of the subjects was
known to suffer from neuromuscular disease. The muscle
samples were mounted on cardboard and rapidly frozen in
propane chilled with liquid nitrogen, and stored at –80°C
until used. Care was taken to keep the orientation of the
EOM specimens in order to allow the longitudinal sections
to include both the orbital and global layers. Serial longitudi-
nal sections, 5 to 6 μm thick, were cut at –23°C in a cryostat
(Reichert Jung; Leica, Heidelberg, Germany) and stored at –
20°C until processed for immunohistochemistry. The smaller
diameter of the myofibers in the orbital layer and the fact that
the orbital layer does not extent all the way to the tendon
allow the clear identification of the two layers in the longi-
tudinal sections.

Antibodies and Immunofluorescence

The following monoclonal antibodies were used: D33
to detect desmin,17 MAB2736 and MAB1259 to detect
nestin (R&D System, Abingdon, UK), and M0725 to
detect vimentin (DAKO, Glostrup, Denmark). Rabbit poly-
clonal antibody ab15463 was used to detect keratin 19
(Abcam, Cambridge, UK). In addition, monoclonal antibod-
ies against distinct MyHC isoforms were also used to iden-
tify the three major myofiber types in the EOMs, as previ-
ously reported18: BA-D519 against MyHCI, A4.7420 against
MyHCIIa, and N2.26120,21 against MyHCI, MyHCIIa, and
MyHCextraocular (MyHCeom) isoforms (The Developmen-
tal Studies Hybridoma Bank, Department of Biological
Sciences, University of Iowa; Iowa City, IA, USA). MTJs were
identified by either sheep polyclonal antibody PC128 against
laminin2 (Binding Site Group, Birmingham, UK) or mouse
monoclonal antibody ab88280 against tenascin22 (Abcam).

Because each EOM myofiber and its MTJ can be reli-
ably studied only on a single longitudinal section, given the
very small diameter of the myofibers in the EOMs, sections
were processed for double or sequential immunostaining,
as previously described.18 In brief, the tissue sections were

air-dried, rehydrated in 0.01 M PBS, and then blocked with
5% normal donkey or goat serum for 15 minutes. Sections
were then incubated with the first two primary antibod-
ies, one against a cytoskeletal protein on the muscle side
of the MTJs and another antibody against an extracellular
matrix protein on the tendon side of the MTJs (desmin +
laminin; nestin + laminin; vimentin + laminin; or keratin 19
+ tenascin) at +4°C overnight. Thereafter, the sections were
washed in PBS, additionally blocked with 5% normal serum
for 15 minutes, and then incubated for 30 minutes at 37°C
with the appropriate secondary antibodies (Supplementary
Table S1).

Control sections were treated as above, except that
the primary antibodies were omitted. No staining was
observed in control sections. The sections were exam-
ined and photographed with a Spot camera (RT KE slider;
Diagnostic Instruments, Inc., Sterling Heights, MI, USA)
connected to a Nikon microscope (Eclipse, E800; Nikon,
Tokyo, Japan).

After photographing, the third primary antibody (nestin
or desmin) was applied respectively to the sections double
labeled with the other antibodies (for example, the anti-
body against nestin was applied to a section treated with
antibodies against desmin + laminin, in order to obtain
a triple staining with desmin + laminin + nestin), for 60
minutes at 37°C, followed by incubation with the appropri-
ate secondary antibody for 30 minutes at 37°C. The sections
were examined and photographed again as above. Subse-
quently, sequential immunolabeling with primary antibod-
ies against MyHCI (BA-D5), MyHCIIa (A4.74), and/or MyHCI
+ MyHCIIa + MyHCeom (N2.261) was performed on the
aforementioned sections, adding one antibody at a time and
taking photographs of the tissue section before adding the
next MyHC antibody, followed by incubation with the appro-
priate secondary antibodies for 30 minutes at 37°C. Detailed
information on the secondary antibodies used to detect each
primary antibody is provided in Supplementary Table S1.

The images were processed using the Adobe Photoshop
software (Adobe System, Inc., Mountain View, CA, USA).

RESULTS

MTJs were identified by their typical appearance and label-
ing with antibodies against laminin or tenascin on the
tendon side, in all muscle samples examined. In lumbri-
cal muscles, desmin immunoreactivity was observed along
the length of all myofibers and their MTJs. Higher desmin
immunoreactivity was observed at the MTJs (Figs. 1A–C).
Immunoreactivity with nestin was restricted to the myofiber
region close to the MTJ and became stronger at the MTJ
itself (Figs. 1D–F). Weak rather than strong labeling with
nestin was occasionally found at MTJs (Figs. 1D–F). Immuno-
labeling with keratin 19 was also observed at the tip of
the myofiber and it generally became stronger at the MTJs
(Figs. 1G–I). Vimentin immunolabeling was not observed in
myofibers of lumbrical muscle, nor at the MTJs, but it was
sometimes present in a string on the tendon side of the MTJs
(Figs. 1J–L).

MTJs in EOMs

The longitudinal sections of EOMs investigated in the
present study comprised approximately the most anterior
one fourth of each muscle. MTJs were encountered in
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FIGURE 1. MTJs of lumbrical muscle doubled-labeled with antibodies (green) against desmin (A), nestin (D), keratin 19 (G), vimentin (J),
and antibody against laminin (red; B, E, H, and K). The right column shows the merged images for each intermediate filament protein and
laminin. Note the strong labeling at MTJs with the antibody against desmin (thick arrows in A and C), nestin (thick arrows in D and F),
and keratin 19 (thick arrows in G and I). Notice the weak labeling with nestin at MTJs (thin arrows in D and F). Arrowheads (J–L) denote
unlabeled MTJs with the antibody against vimentin on the muscle side of the MTJs. Bars = 50 μm.

FIGURE 2. MTJs in the human EOMs labeled with the antibody against laminin. The arrowheads (A–C) denote MTJs facing the tendon.
Arrow (C) denotes MTJ facing away from the tendon. Bars = 20 μm.

all muscle sections examined, in both the global and the
orbital layers, with higher frequency in the global layer.
The MTJs were generally found at the myofiber end facing
the tendon (Figs. 2A–C), as in limb muscles. However,
occasional structures with similar morphology to that of
typical MTJs were also found at the opposite end of the
myofiber, that is, the end facing away from the tendon
(Fig. 2C), and were myo-endomysial junctions, as previously
described.23–25

A total of 493 MTJs were examined in 9 human EOM
specimens. Heterogeneous labeling patterns with antibod-
ies against intermediate filament proteins were noted, in
contrast to the consistent labeling patterns described above
and previously reported for the MTJs of limb muscles.8,9 In
the EOM samples studied, approximately 85% of MTJs were
present in myofibers containing MyHCIIa, and the rest were
present in myofibers containing MyHCI.

Desmin

The vast majority of the MTJs (85%) examined in muscle
sections treated with the antibody against desmin were
labeled with this antibody (Fig. 3) and these MTJs were
observed in myofibers containing either MyHCIIa or MyHCI,
in both the global and the orbital layers. The number of
labeled MTJs varied among specimens within and between
subjects. The immunoreactivity for desmin at MTJs varied
from strong to weak. More than half (68%) of the MTJs
labeled with desmin in these muscle sections showed
stronger immunoreactivity than that observed in the remain-
ing length of the myofiber present in the longitudinal
section, irrespective of whether the tip of the myofiber was
strongly or weakly labeled with this antibody (Figs. 3A–F).
Approximately 28% of MTJs labeled with desmin showed
identical levels of immunoreactivity as the remaining part of
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FIGURE 3. MTJs in EOMs double-immunolabeled with antibodies against desmin (green in A, D, and G) and laminin (red in B, E, and H).
Merged images for desmin and laminin are shown in C, F, and I. Immunolabeling with desmin is increased at MTJs in myofibers containing
desmin (thick arrows in A–C) or present in the proximity of the MTJs in myofibers lacking desmin in the remaining of their length (thin
arrows in D–F). Note the absence of desmin at MTJs in myofibers lacking desmin in the remaining of their length (arrowheads in G–I).
Bars = 20 μm.

FIGURE 4. Immunoreactivity with the antibody against nestin (green in A and D; red in G) at MTJs labeled with antibodies against laminin
(red in B and E) or tenascin (green in H) in EOMs. Merged images for desmin and either laminin or tenascin are shown in C, F, and I.
Strong immunolabeling with the antibody against nestin was present at MTJs in myofibers containing nestin (thick arrows in A–C) and in
myofibers lacking nestin (thin arrows in D–F) in the remaining of their length. Note the absence of nestin in MTJs of myofibers completely
lacking nestin in the remaining of their length (arrowheads in G–I). Bars = 20 μm.

the myofiber present in the section (not shown). Decreased
immunoreactivity with desmin was sporadically (approx-
imately 4%) observed in the folds of MTJs of myofibers
containing desmin along the remaining of their length (not
shown).

Fifteen percent of the total number of MTJs in muscle
sections treated with the antibody against desmin were unla-
beled with this antibody (Figs. 3G–I) and were found in both
the global (54.5%) and the orbital (45.5%) layers. Immunore-
activity with the antibody against desmin was generally
absent along the remaining length of the myofibers display-
ing the unlabeled MTJs (Figs. 3G–I). MTJs unlabeled with the
antibody against desmin were observed mostly in myofibers
containing MyHCIIa (71%), but also in myofibers containing
MyHCI (29%). There was no apparent relation between the
MyHC isoform content of myofibers and the levels of desmin
immunoreactivity at their MTJs.

Nestin

Immunolabeling with the antibody against nestin was
present in a proportion of myofibers in the human EOMs,
as previously reported17 and in contrast to myofibers in
limb muscle, which are unstained with this antibody. The
immunolabeling intensity with the antibody against nestin

in these myofibers was generally weaker than that observed
with desmin, in a given myofiber, as previously described.17

The vast majority of MTJs (91%) in the human EOM
sections treated with the antibody against nestin showed
immunoreactivity with this antibody in both the global and
the orbital layers, irrespective of whether the myofibers were
labeled or unlabeled along the remaining of their length
(Figs. 4A–F). The remaining proportion of MTJs in these
muscle sections was unlabeled with the antibody against
nestin (Figs. 4G–I). The proportion of nestin labeled MTJs
varied between different specimens and between subjects.
The MTJs labeled with the antibody against nestin were
mostly found in myofibers containing MyHCIIa (77%), less
in myofibers containing MyHCI (23%).

We asked the question whether there was a correlation
between desmin and nestin at the MTJs in the EOMs. Taking
into account the presence/absence of desmin or nestin along
the myofibers seen in each muscle section treated with
both antibodies, five distinct patterns of immunolabeling
were observed (Figs. 5, 6): (I) co-expression of desmin and
nestin at the MTJs and along the myofibers (approximately
68%; Figs. 5A–E; Fig. 6I); (II) co-expression of desmin and
nestin only at the MTJs and presence of desmin but absence
of nestin along the myofiber (approximately 15%; Figs. 5F–
J; Fig. 6II); (III) presence of desmin at the MTJs and along
the myofiber but absence or very weak immunolabeling
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FIGURE 5. Five (I–V) different patterns of immunostaining with antibodies against desmin (green in A, K, O, and S; and gray in F) or nestin
(gray in B, L, P, and T; and green in G) at MTJs in myofibers containing MyHCIIa (A–R) and MyHCI (S–V) in the EOMs. Merged images of
desmin and laminin are shown in C, M, Q, and U. Merged image of nestin and laminin is shown in H. Bars = 20 μm.

for nestin in approximately 6% of MTJs and the remain-
ing portion of the myofiber (Figs. 5K–N; Fig. 6III); (IV)
absence of both desmin and nestin in 6% of MTJs and along
the myofibers (Figs. 5O–R; Fig. 6IV); and (V) absence/weak
immunolabeling with desmin but presence of nestin at the
MTJs only (approximately 5%) and absence of desmin and
nestin along the myofiber (Figs. 5S–V; Fig. 6V).

Keratin 19

The vast majority of myofibers was unlabeled with the anti-
body against keratin 19 in the EOM samples examined (not
shown). At MTJs, keratin 19 immunolabeling was always
absent regardless of whether it was absent or occasion-
ally present along the myofiber length (not shown). Double
immunolabeling with keratin 19 and desmin showed that
keratin 19 was absent at MTJs and in the remaining parts of
the myofibers irrespective of whether desmin was present
or absent at MTJs or along the myofibers (Fig. 7).

Vimentin

Immunolabeling with the antibody against vimentin was
not observed on the muscle side of MTJs but was readily
observed as strings on the tendon side of most MTJs, in
both the global and orbital layers (not shown). Immunolabel-
ing for vimentin was present in the connective tissue, blood
vessels, and nerves, as described previously.17 Vimentin
labeling was absent from the myofibers, with the notable
exception of extremely sporadic myofibers (less than a
total of 10 myofibers in all specimens examined) that were
labeled weakly with this antibody (not shown). Sequen-
tial immunolabeling with vimentin and desmin confirmed
that MTJs were always unlabeled with the antibody against
vimentin, irrespectively whether myofibers were labeled or
unlabeled with the antibody against desmin (Fig. 8).

DISCUSSION

The present study was the first to thoroughly investigate
the distribution of the key intermediate filament proteins
desmin, nestin, keratin 19, and vimentin at MTJs in the
human EOMs and to compare immunolabeling patterns
with those of the lumbrical muscles. In lumbrical muscle,
desmin was present both at NMJs and along the length of
the myofibers, nestin, and keratin 19 were present at MTJs
only, whereas vimentin was absent both at the MTJs and
in myofibers, as previously reported in skeletal muscle in
general.4,8–10 In contrast, in the human EOMs: (i) a subgroup
of MTJs lacked either desmin or nestin; (ii) some MTJs lacked
both desmin and nestin; (iii) keratin 19 was absent from
all MTJs; and (iv) the majority of the MTJs in the EOMs
contained desmin and nestin, but still differed from those
in skeletal muscle in general by lacking keratin 19.

Lack of Desmin at MTJs

The intermediate filament proteins desmin and nestin are
highly expressed at MTJs in skeletal muscles.8,9,17,26 The
fundamental functional role of desmin at MTJs has been
proposed to be related to mechanical behavior at the junc-
tional site, where myofibers are exposed to greatest mechan-
ical stress and may easily be damaged.9,26 Approximately
15% of MTJs in the human EOMs showed absence of desmin
whereas the majority (85%) of the examined MTJs had
desmin. The present results suggest that desmin is not of
crucial importance for the stability of MTJs in the human
EOMs, given that these myofibers and their MTJs had normal
appearance. Furthermore, MTJs show a similar morphology
in control and in desmin knockout mice, indicating that
desmin might not play the functional role that it has been
assigned previously.8 Given a number of particular prop-
erties of the EOMs, our results may be interpreted as that
lateral force transmission may be of particular importance
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FIGURE 6. Schematic illustration of the major patterns of immunoreactivity regarding desmin and nestin at MTJ and in the remaining portion
of the myofiber present in the muscle sections of the human EOMs. I: Desmin and nestin were present in both MTJs and the remaining
portion of the myofibers. II: Desmin and nestin were present at MTJs but nestin was lacking in the remaining portion of the myofibers. This
pattern is similar to that of myofibers and their MTJs in skeletal muscle in general. III: Desmin was present in both the MTJs and along the
myofibers whereas nestin was totally absent. IV: Desmin and nestin were absent at MTJs and along the remaining of the myofibers. V: Only
nestin was present at the MTJs whereas neither desmin nor nestin were present in the remaining portion of the myofiber present in the
muscle section.

in myofibers lacking desmin at MTJs. Eye movements are
very different from movements across a bone joint, as the
eyeballs are not rigidly attached to anything and have a
minimal weight. Thus, there is no weight lifting involved
in muscle movement and lower force is generated during
EOM muscle contraction as compared to limb muscle.27,28

On the other hand, lateral force transmission across the
muscle cell membrane may put different requirements on
the myofibers of the EOMs, given that they are surrounded
by a very rich connective tissue bed and, in addition, a large

number of myofibers have tapered ends, terminating within
the muscle itself.24,29–32 We recently demonstrated enriched
desmin immunoreactivity in the subsarcolemma of EOM
myofibers in both human17,18 and zebrafish,33 with weak or
lack of desmin immunoreactivity inside the myofibers. Such
strong immunoreactivity for desmin is typically seen at NMJs
or MTJs but not seen subsarcolemmally in limb muscles.17,18

The high concentration of desmin in the subsarcolem-
mal region may partially provide the required sarcolemmal
strength and the connections to the underlying contractile
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FIGURE 7. Immunolabeling with antibodies against desmin (green in A, E, and I), laminin (red in B, F, and J) and keratin 19 (gray in D, H,
and L) in EOMs. Merged images of desmin and laminin are shown in C, G, and K. Keratin 19 was absent from MTJs and the remaining parts
of the myofibers containing desmin along their length (thick arrows in A–D) or only in the vicinity of the MTJs (thin arrows in E–H), or in
myofibers completely lacking desmin (arrowheads in I–L). Bars = 20 μm.

apparatus, to ensure lateral force transmission in the
EOMs.34

Lack of Desmin at MTJs is Most Likely not Related
to Palisade Endings in EOMs

The palisade endings are found in the close vicinity of MTJs,
exclusively in myofibers containing MyHCsto/I in the global
layer of EOMs.35–37 In the present study, we could not study
the palisade endings as the tendon end of the muscle had
been cut very close to the end of the myofibers and the
typical morphology of palisade endings could not be ascer-
tained. However, we have previously established that desmin
is always present in myofibers containing MyHCsto/I found
in the close vicinity of MTJs.

In other words, our previous studies indicate that most
likely myofibers containing MyHCsto/I and which may have
received palisade endings, contain desmin.18 In the current
study, approximately 96% of the myofibers labeled with the
antibody against desmin along their length were also labeled
at their MTJs. Altogether, the evidence available suggests that
the absence of desmin at MTJs in the EOMs is not likely
associated with the presence of palisade endings.

Lack of Desmin, Nestin, Keratin 19, and Vimentin
at MTJs

Desmin, nestin, keratin 19, and vimentin belong to differ-
ent classes of intermediate filaments present in myofibers
of skeletal muscles and have different temporal expres-
sion patterns during the course of development.4 These
intermediate filament proteins interact closely with each

other during development, as illustrated by colocalization of
desmin, nestin, and/or vimentin.7,38 However, in mature limb
muscle, desmin is continually expressed throughout the full
length of the myofibers, whereas nestin is only expressed at
the NMJs and MTJs of the myofibers,8,9 and vimentin is not
present in the myofibers.39 Similarly, keratin 19 is transiently
expressed in developing skeletal muscle13 and although it
has been shown to be localized at both M-band and Z-disk
in the close vicinity of the sarcolemma in mature skele-
tal muscle, keratin 19 is only present in trace amounts in
myofibers, and it is hard to detect beyond the MTJ.40

In the human EOMs, nestin was detected in the vast
majority of MTJs and it is tempting to speculate whether
the presence of nestin, to some extent, may compensate
for the lack of desmin at MTJs. The present study did not
address this question, but because the other two patterns
(lack of both desmin and nestin or presence of desmin and
absence of nestin) were observed in approximately the same
proportion of MTJs, it is fair to suggest that the presence of
nestin and desmin are independent of each other at MTJs
in the human EOMs. Furthermore, 6% of MTJs had neither
desmin nor nestin, and no MTJs examined had keratin 19 or
vimentin, indicating that these MTJs lack the fundamental
cytoskeletal organization proposed to be required for force
transmission. The lack of all major intermediate filament
proteins at MTJs in the EOMs represents a paradigm shift
questioning the proposed roles of these proteins as neces-
sary to maintain integrity and provide mechanical strength
to the myofibers.4

In summary, our results provide strong evidence that
approximately one-third of the MTJs in the human EOMs
lacked desmin and/or nestin and all MTJs lacked keratin
19. Approximately 6% of MTJs lacked all the cytoskeletal
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FIGURE 8. Immunolabeling with antibodies against vimentin (green in A, B, D, and E) and desmin (gray in C and F) at MTJs identified with
the antibody against laminin (red in B, C, E, and F). Note that vimentin was absent from the MTJs and along the myofibers either containing
(C) or lacking (F) desmin. Bar = 20 μm.

proteins examined. The present findings are in line with
our previous reports that lack of desmin in myofibers is not
compensated by nestin in human EOMs,17 nor in EOMs of
control or desmin knock out mice.41 We propose that the
particular cytoskeletal organization of the MTJs may suggest
adaptation to meet the functional requirements of the human
EOMs, which include significant lateral force transmission,
very rich connective tissue bed surrounding each individual
myofiber, and myofibers that do not run the full length of
the muscle.

Changes of MyHC Isoforms Along EOM Myofibers

In contrast to limb muscles in which myofibers typically
contain one or two MyHC isoforms uniformly along their
length,42 the myofibers in the human EOMs contain a
mixture of up to five different MyHC isoforms in a single
myofiber.14,21 Three major myofiber groups are found in
the human EOMs taking into account their MyHC compo-
sition: myofibers containing MyHCI, myofibers containing
MyHCIIa, and myofibers containing MyHCeom, but lack-
ing MyHCI and MyHCIIa.14,43 MyHCeom is present in EOMs
of most mammals,44,45 and the human MyHCeom has been
detected at both the gene and the protein levels.14,21,45

A particularly interesting finding of the current study was
that almost all MTJs examined in the EOMs were present
at the distal end of myofibers containing either MyHCI
or MyHCIIa. MTJs were hardly ancountered in myofibers
containing MyHCeom but lacking MyHCI and MyHCII. This

finding provided indirect evidence of heterogeneity in MyHC
composition along myofiber length in the human EOMs,
and fits previous findings that MyHC content of individ-
ual myofibers varies along the myofiber length, both in
human EOMs14 and in other species.46,47 The expression of
MyHCeom has been shown to be limited to the endplate
zone of singly innervated myofibers, which contain MyHCIIa
at their proximal and distal portions in both the global and
the orbital layers, in the EOMs of rabbits48,49 and rats.46
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