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INNERVATION OF HUMAN DEVELOPING EXTRAOCULAR MUSCLES :
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S-100 protein has two subunits, S-100a@ and
S-1008. S-100@ is predominant in neurons and
slow-twitch muscle fibers, while S-100 8 exists in glial
cells and Schwann cells. In the present study, the
presence of S-100a@ and S-1008 was investigated
immunohistochemically in the extraocular muscles of 15
human embryos (Carnegie stages 13 to 23) and in one
fetus (10 weeks of gestation). During stages 13-17,
no immunoreactivities to S-100a@ and S-1008 were
found around the optic vesicle. At stage 18, immunore-
activity to S-100 8 appeared around the optic vesicles
and increased as the embryonic stages advanced. In
the fetus, the nerve fibers in the extraocular muscles
were slightly immunoreactive to S-100@, but the
muscle fibers were not. These findings suggested that
extraocular muscles are innervated in the late
embryonic period, around stage 18.

S-100 protein is a calcium-binding protein that has
two subunits, S-100«¢ and S-1008 (1-3). S-100«a is
present in neurons (4, 5), and S-1008 is mainly
distributed in glial cells and Schwann cells (6, 7).

We previously showed that neuron-specific enolase
(NSE) appears in extraocular muscles at stage 18 (8).
Since the appearance of NSE is associated with the
formation of synapses (9), it follows that the synapse
formation of extraocular muscles starts in the late
embryonic period.

In the present study, the presence of S-100 protein
subunits, particularly NSE, were investigated.

MATERIALS AND METHODS

Fifteen externally normal human embryos in
Carnegie stages 13 to 23 (4 to 8 weeks of gestation)
and one fetus (10 weeks of gestation) were used in the
present study (Table I). All tissues were obtained
from surgical abortions of pregnancies, according to
the Kugenic Protection Law of Japan (10).  The
embryos were observed under binocular microscope for
external features, and their developmental stages were
determined by the method of O Rahilly (11). After
removal, the whole embryos and fetus were placed in
Schmechel’ s fixative (12), which is composed of 4%
paraformaldehyde, 1% glutaraldehyde, 0.2% picric
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acid and 2% sucrose in 0.1M sodium acetate buffer
(pH 6.0), and stored at 4C. One or two days later,
specimens were transferred to Tris-buffered saline
(TBS, 50 mM Tris-HCI buffer, pH 7.6 with 150 mM
NaCl) and kept at 4C. After dehydration in a series
of graded ethyl alcohols, the specimens were placed
into 0.3% H.O; in absolute methanol for 30 minutes to
block the endogenous peroxidase activity and were
embedded in paraffin. Serial sections, 5-pm thick,
were prepared and immunostained with avidin-biotin-
peroxidase complex (ABC) technique of Hsu ef al.
(13), using S-100a, S-1008, and NSE as primary
antibodies. The preparation procedures and the
specificity of the antibodies used in the present study
have been described elsewhere (4, 6, 14). S-100« and
S-100 8 antibodies are specific to the respective subunit
of the S-100 protein and react not only with the
respective homodimeric S-100 protein (¢« or B 8)
but also with the hybrid form (6). The cross-
reactivity of the hybrid form to the S-100a and
S-100 8 assay systems is about 25% of homodimeric
S-100 protein (6). NSE antibody is specific to 7
-subunits of human enolase (4). For controls,
sections were incubated with normal rabbit serum,
which gave no positive stainings, instead of the
primary antibody .

Table I. Human embryos examined in the present study

Camegie stage  Spec b TP ks
arnegie stage  Specimen number Length (m)? pos s on

13 52368 514015 32

14 52383 6.810.08 34-35

15 52379 8.010.07 36
52414 " "

16 52382 9.2£0.08 38
52411 " "
52416 ! !
71022 " "

17 52417 1154013 40
71024 " "

18 71020 13.5+0.13 42

20 71025 19.2£0.26 46

2 52356 21.1+0.26 48
52380 " !

23 52377 280+1.02 52

Fetus 71021 35,54 10 weeks
*Nishimura et al. (23)
*Nishimura (24)

*by actual measurement
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RESULTS

The summary of isoenzyme activity in the present
study 1s given in Table II. During stages 13 to 17, no

Tabel 11. Expression of isoenzyme 1n extraocular muscles

Carnegiestage 13 14 15 16 17 18 19 20 21 22 23 Fetus

S100
immunoreactivity to S-100a, S-1008, and NSE was nervefiber - - - - - - - - -t
observed around the optic vesicle. At stage 18, muscle fiber - - - - - - - .
immunoreactivity to S-1008 and NSE appeared S 1008
around the optic vesicle (Fig. 1b, 1¢), but no glil cel oL o+ PO
immunoreactivity to S-100 @ was observed (Fig. 1a). NGB
At stage 20, the muscle cells around the optic vesicle nervefiber - - - - - % e PR
began to cluster, and immunoreactivities to S-100 3 NSE: neuron-specific enolase
and NSE were observed between the muscle cells in the *Oguni et al. (8)

SRty 4

ia - 1b - A1c
Fig. 1. Cross-sections of the extraocular muscles in a stage 18 embryo immunostained with S-100« (a), S-1008 (b)

and NSE antibodies (¢). S-1008 and NSE immunoreactivities appear around the optic vesicle at stage 18 (b, ¢)
(arrows), however, S-100 « is not observed at this stage. RPE: retinal pigment epithelium (a X 80, b X 80, ¢ X 80)

Fig. 2. Cross—section of the extraocular muscles in a stage 21 embryo immunostained with S-100 8 (a) and NSE (b)
antibodies. Note that immunoreactivity to S-100 8 and NSE is observed between the muscle cells of the extraocular
muscles (arrows).

ON: optic nerve (a X 85, b X 85)

3a. 3 sc

Fig. 3. Cross—section of the extraocular muscles in a stage 23 embryo immunostained with $~100« (a), S$-1008 (b)
and NSE antibodies (c). Note that immunoreactivity to $-100 8 and NSE is observed between the muscle cells of the
extraocular muscles (arrows), while immunoreactivity to S-100« is not seen in the extraocular muscles.

ON: optic nerve (a X 100, b X 100, ¢ X 100)
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Fig. 4. Cross-sections of the extraocular muscles in a 10-week-old fetus immunostained with S-100a (a), S-100 8 (b)

and NSE antibodies (c¢).
(arrow).

4a’ The nerve fibers in the extraocular muscles are slightly immunoreactive to S-100 «
4b, 4c: The nerve fibers in the extraocular muscles are more intensely immunoreactive to NSE than

S-100« , while glial cells around the neurons are immunoreactive to S-100 8 (arrows).

(a X 100, b X 100, c X 100)

clusters (Fig. 2a, 2b). At stage 23, immunoreactivity
to S-1008 and NSE was observed in the elongating
extraocular muscles (Fig. 3b, 3c), while no
immunoreactivity to S-100a was found (Fig. 3a). In
the 10-week-old fetus, some nerve fibers were slightly
immunoreactive to S-100«, however, muscle fibers
were not immunoreactive to this antibody (Fig. 4a).
The nerve fibers in the extraocular muscles were more
intensely immunoreactive to NSE than S-1008 (Fig.
4a, 4c¢), while the Schwann cells around the neurons
were immunoreactive to S-100 8 (Fig. 4b).

DISCUSSION

It has been reported that S-100 protein is primarily
localized in glial cells in the nervous system (15, 16).
Since S-100 8 is present in Schwann cells and glial cells
(6, 7), while S-100 ¢ occurs in neurons (5, 7, 17), it is
noteworthy that S-100 8 appears earlier than S-100 «
in the neuromuscular junctions of extraocular muscles.

In the present study, S-1005 appeared in the
extraocular muscles at stage 18, the period when NSE
appears (8). Since NSE is one of the protein
components of brain synaptic plasma membrane and
axons (18), and appears with the formation of
synapses (9), we suggested that the synaptic
formation in the extraocular muscles begins around
stage 18 in extraocular muscles (8). The present study
revealed that S-1008 appeared at the same stage in
almost the same portion around the optic vesicle as
NSE (8). Since S-100 8 is present in Schwann cells but
not in neurons and muscle fibers (5, 6, 7), it appears
that S-100 8 -immupnoreactive cells are Schwann cells
around the peripheral nerve fibers. These findings
strengthen the notion that nerve fibers, together with
Schwann cells, which are connected with extraocular
muscles, extend and have synaptic connections in some
parts with myogenic cells in extraocular muscles at
stage 18.

In the present study, S-100a , which is localized in
the slow-twitch muscle fibers and nerve fibers (19),
appeared in the early fetal period. Since the immunore-
active portions to S-100 « were also immunoreactive to

NSE, it is thought that S-100« is localized in the
nerve fibers in extraocular muscles. It has been
reported that fast muscle fibers are more numerous
than slow-twitch muscle fibers in early development
(20). In our previous study, carbonic anhydrase-IIl
(CA-III), which is present in the slow-twitch muscle
fibers (21), appears at stage 20 in the extraocular
muscles (22). These findings suggest that the
expression of S-100a immunoreactive muscle fibers
takes place at a considerably late stage of myogenesis
in the extraocular muscles, as compared with the other
marker of slow-twitch muscle fibers (22) .
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