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Abstract BUF/Mna rats spontaneously develop thymo-
mas and cause muscle weakness of hind legs at an
advanced age. This rat strain has been recognized as a
suitable animal model for human myasthenia gravis or
related myopathies. To characterize the structural changes
of neuromuscular junctions (NMJs) in BUF/Mna rats,
subneural apparatuses (SNAS) of extensor digitorum longus
muscles of young-adult (4-month-old) and aged (22- to
25-month-old) male rats were examined using scanning
and transmission electron microscopy. The SNAs of
NMJs in young rats consist of complex labyrinthine
gutters with numerous slit-like junctional folds. SNAsin
aged BUF/Mna rats, however, are characterized by: (1) a
group of cup-like depressions with very wide dlit-like
junctional folds in relatively large muscle fibers (the
major type), (2) the presence of dlit-like folds on the flat
sarcoplasm outside the cup-like depressions or on the
protruded sarcoplasm, and (3) winding gutters or a small
number of round depressions with poorly developed
synaptic folds in small and medium-sized muscle fibers
(the minor type). Since similar structural changes have
been reported in dystrophic mice or normally aged rats,
it is suggested that both the slowly progressing muscle
atrophy and age-dependent turnover of muscle fibers
may occur in the aged BUF/Mnarats.
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Introduction

Much attention has been paid to the relationship between
the thymic abnormality and muscle diseases [22]. For
example, human myasthenia gravis [13, 33] and murine
muscular dystrophy [3, 14] are closely related with various
thymic abnormalities. BUF/Mna rats spontaneously
develop thymomas in an autosomal dominant manner
[27] and exhibit an exacerbated muscle fatigability and
weakness during aging [25, 26]. The thymomas, histo-
logically resembling human thymomas, start to develop
from about 9 months after birth in males, and the inci-
dence is 100% after 18 months of age [10]. Based on
electrophysiological studies, Kato and Watanabe suggested
that the motor dysfunction resulted mainly from some
postsynaptic change at the site of neuromuscular junc-
tions (NMJs) of fast twitch-type muscles [16, 17].
Furthermore, it has been reported recently that autoanti-
bodies against ryanodine receptors, which function as
calcium-release channels in the skeletal muscles, but not
against acetylcholine receptors, are detected in the serum
of this rat strain [15]. Thus, this rat strain has been
recognized as a suitable rat model for human myasthenia
gravis or related myophathies.

Previous ultrastructural studies of extraocular muscles
and other fast twitch-type muscles in the aged rats by
means of transmission electron microscopy (TEM) [25,
26] have shown the elongation and ramification of the
postsynaptic membrane of the motor endplates, and
moderate degeneration of the muscle fibers with lipid
droplets and detached and distorted myofibrils. However,
there has been little information on the three-dimensional
organization of NMJs, particularly subneural apparatuses
(SNAYS), in any of the myasthenic muscle fibers both in
humans and animal models at the fine structural level.
For better understanding of the morphological changes
of SNAs in the NMJs, it is effective to use scanning
electron microscopy (SEM) after removing connective
tissues[4, 6, 19].

The purpose of the present study was, therefore, to
examine the ultrastructural changes of NMJs in the
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Fig.1 Scanning electron micrograph of a subneural apparatus
(SNA) in the extensor digitorum longus muscle of a 4-month-old
BUF/Mna rat. Note labyrinthine synaptic gutters containing
numerous dlit-like junctional folds. x2500 (scale bar 10 um)

extensor digitorum longus muscle, a typical fast twitch-
type muscle, of aged male BUF/Mna rats at a three-di-
mensional level by means of SEM and TEM. The possi-
ble sites and mechanisms of the muscle dysfunction are
discussed in comparison with morphological changes of
NMJs following normal aging and the progress of dis-
eases, such as human myasthenia gravis and murine
muscular dystrophy which primarily cause muscle de-
generation.

Materials and methods

Three 4-month-old and five 22- to 25-month-old male BUF/Mna
rats were used in this study. They were housed at a constant tem-
perature (24°C) under a 12 h/12 h light/dark cycle and given food
and water ad libitum. The following experiments were conducted
in accordance with the legislation of Laboratory Animal Research
Center for Animal Experimentation at Kumamoto University
School of Medicine.

After the animals were anaesthetized via an intra-abdominal
injection of 50 mg/kg pentobarbital sodium (Nembutal; Abbott
Laboratories, North Chicago, Ill.), the extensor digitorum longus
muscles were exposed and fixed in situ with 4% glutaraldehyde in
0.1 M phosphate buffer at pH 7.3 for 5 min. The muscles were dis-

sected out, cut into small strips and further fixed with the same
fixing solution for about 2 h. They were washed several times in
the buffer and post-fixed with 2% unbuffered osmium tetroxide
for about 30 min. For SEM observation, the specimens were treat-
ed with an HCI-hydrolysis procedure [4] to remove intramuscular
connective tissues. After drying by the critical point method and
sputter-coating with platinum, they were examined in a Hitachi S-
800 scanning electron microscope. In some instances, the fixed
specimens were block-stained with 3% aqueous uranyl acetate for
2 h and embedded in Epon-epoxy resin after dehydration through
an ethanol series. Ultrathin sections were cut with a Porter-Blum
ultramicrotome, doubly stained with uranyl acetate and lead ci-
trate, and then examined with a Hitachi HU-12A transmission
€electron microscope.

Results

In SEM observations of NMJs in the extensor digitorum
longus muscle, SNAs of young-adult (4-month-old)
male BUF/Mna rats consisted of complex labyrinthine
synaptic gutters, about 2-um wide, containing numerous
dlit-like junctional folds 0.1-0.2 pm in width and 1.5 pm
in the maximum length (Fig. 1). The SNAs in young-
adult BUF/Mna rats were aimost similar in three-dimen-
sional structure to those in normal young Wistar rats
[29]. Muscle fibers were constantly 30-50 pm in diame-
ter.

In aged (22- to 25-month-old) BUF/Mna rats, muscle
fibers varied in size, ranging 10-50 um in diameter. The
small muscle fibers appeared to be in the course of






Fig.4 Scanning electron micrographs of subneural apparatuses
(SNASs) of a22-month-old BUF/Mnarat. a An SNA consisting of
cup-like depressions with a small number of both pit-like and
short dlit-like junctional folds on a medium-sized muscle fiber
about 30 pm in diameter. x3400 (scale bar 5 pm). b An SNA
consisting of a small number of cup-like depressions with some
junctional folds on a small muscle fiber about 15 pm in diameter.
%3900 (scale bar 5 pm)

regeneration. In this study, a total of 44 SNAs from five
aged rats were examined. The SNAs mainly consisted of
a group of cup-like depressions (Fig. 2), differing from
the complex labyrinthine gutters observed in the young
muscles. Correspondingly, the nerve endings of aged
NMJs were characterized by numerous terminal buttons

Fig. 2 Scanning electron micrograph of a subneural apparatus
(SNA) on a large muscle fiber in the extensor digitorum longus
muscle of a 22-month-old BUF/Mnarat. Note that the SNA consists
of anumber of cup-like depressions with slit-like junctional folds.
%4400 (scale bar 5 pm). Inset A nerve ending observed from the
side facing the apparatus. Note numerous small protrusions
(asterisks) of the terminal axon which are considered to correspond
toindividual depressions. x3000 (scale bar 5 um)

Fig. 3 Scanning electron micrographs of subneural apparatuses
(SNAs) on large muscle fibers of a 22-month-old BUF/Mna rat.
a In addition to cup-like depressions with numerous dlit-like
junctional folds, numerous dlit-like folds (arrows) are observed on
the flattened sarcolemma outside the group of depressions. x6200
(scale bar 2 um). b Slit-like folds (arrows) are often observed on
the crests or the protruded sarcoplasm between neighboring
depressions. x6700 (scale bar 2 um)
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or terminal varicosities 2-5 pm in diameter (Fig. 2,
inset).

At least two types of NMJs in the aged rats were dis-
tinguished based on the differences in the diameter of
muscle fibers and organization of SNAs including the
number of depressions and the developmental degree of
junctional folds. One type of SNAs was observed in rela-
tively large muscle fibers, 30-50 pm in diameter (32 in-
stances of 44 SNASs), and consisted of a large number
(more than 20) of cup-like depressions 2-5 pm in diame-
ter (Fig. 2). Individua depressions predominantly con-
tained slit-like junctional folds which were wider (0.3- to
0.5-pm wide) than those of young rats (Fig. 1). In eight
SNAs on these muscle fibers, shallow gutters with shal-
low dlits existed on the flat sarcoplasm outside the clus-
ters of cup-like depressions (Fig. 3a). Moreover, dlit-like
folds were often found on the protruded junctional sarco-
plasm between neighboring depressions (Fig. 3b). The
other type of SNAs consisted of winding gutters or a
number of (about ten) round depressions 2-5 pum in di-
ameter. These depressions contained both dlit-like and
pit-like or elongated oval (0.1-pm wide and 0.1- to 0.5-
pm long) junctional folds. These SNAs were observed
on medium-sized muscle fibers (20-30 pm in diameter:
five instances) (Fig. 4a) and on small muscle fibers
(10—20 pm in diameter: seven instances) (Fig. 4b).

In TEM observation of NMJs in the aged BUF/Mna
rats, nerve endings in contact with the depressions of
plasma membrane of muscle fibers appeared to be intact
(Fig. 5). The terminal axons had a great number of syn-






Fig. 6 Transmission electron micrographs of a small muscle fiber
in the extensor digitorum longus muscle of the 25-month-old
BUF/Mna rat. The small fiber, having a centrally located nucleus
(Mn), isinnervated by a nerve fiber (Nf). x6600 (scale bar 2 um).
Inset two terminal axons (asterisks) in shallow indentations contain
numerous synaptic vesicles, but secondary synaptic clefts are few
in number and incipient (arrows). x11000 (scale bar 1 pm)

Fig. 5 Transmission electron micrographs of neuromuscular junc-
tions (NMJs) in large muscle fibers of the extensor digitorum longus
musclein a 22-month-old BUF/Mnarat. a Terminal axons (at 1, 2, 3)
containing numerous synaptic vesicles and mitochondria lay on the
shallow depressions. Two terminal axons (at 1, 2) are connected to
each other by athin axon (small arrow). Note an expanse of junc-
tional folds lacking terminal axons on the sarcoplasmic protrusion
between neighboring termina axons (large arrow) and on the remote
sarcoplasm from the terminal axon (asterisk). Sch Schwann cell.
x7800 (scale bar 1 pm). b A protruded junctional sarcoplasm
(arrow) has secondary synaptic clefts but lacks terminal axons. At
terminal axon. x9500 (scale bar 1 um). ¢ Numerous lysosome-like
granules (arrows) are observed in junctional sarcoplasm. Note that
aprimary cleft (arrowhead) has no longer a competent terminal axon.
At terminal axon. x8800 (scale bar 1 pm). d A small and short
process from aterminal axon (At) protrudes into a wide junctional
fold (arrow). x21000 (scale bar 1 um)

aptic vesicles approximately 50 nm in diameter and a
number of mitochondria. In the postsynaptic membrane
of large muscle fibers (30-50 pm in diameter), second-
ary synaptic clefts devoid of any overlying nerve endings
were often seen on the protruded sarcoplasm between
neighboring primary synaptic clefts (Fig. 5a, b), or on
the remote flat sarcoplasm from the primary clefts
(Fig. 5a). The postsynaptic sarcoplasm often contained
numerous electron-dense lysosomal granules (Fig. 5c).
In these NMJs, terminal axons partially degenerated and
some primary clefts lacked them. Moreover, in some
NMJs, small budding-like short processes of termina
axons (0.2-0.4 uym in diameter and 0.2-0.5 pm in length)
protruded into the wide secondary clefts (Fig. 5d). In
small and medium-sized muscle fibers (10-30 pm in
diameter), however, the postsynaptic structures were
rather simple. The postsynaptic membrane consisted of a
few or a small number of poorly developed junctional
folds (Fig. 6 and inset), possibly indicating incipient
junctional folds. These small muscle fibers often have
centrally located nuclei.

Discussion

The aim of the present study was to provide new infor-
mation using three-dimensional observations on NMJsin
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the thymoma BUF/Mna rats that suffer from muscle
dysfunction during aging. In addition to the previous
findings [26], such as size variation of muscle fibers, we
found several interesting features of NMJs in the thymoma
rats, in that they have some similarity to other myopathies
or normal aging processes. When comparing with those
in young adult controls, the SNAs in the aged BUF/Mna
rats were characterized by: (1) a group of cup-like de-
pressions with very wide dlit-like junctional foldsin rela-
tively large muscle fibers (the mgjor type), (2) the pres-
ence of dit-like folds on the flat sarcoplasm outside the
cup-like depressions or on the protruded sarcoplasm, and
(3) winding gutters or a small number of round depres-
sions with poorly developed synaptic folds in small and
medium-sized muscle fibers (the minor type). These fea-
tures were also confirmed by TEM observations.

In general, SNAs in normal adult mammalian skeletal
muscles are characterized by labyrinthine gutters with
numerous slit-like junctional folds [4, 5, 6, 11, 19, 24,
28, 29]. The group of cup-like depressions seen in the
aged BUF/Mna rats, however, are rarely found in young
rats. Interestingly, such similar structural changes in
SNAs have been observed by SEM in regenerating mus-
cle fibers after necrosis in the muscular dystrophic (dy,
dy2J and mdx) mice [6, 19, 20]. The structural changes of
dystrophic SNAs are considered to be independent of the
direct response to dystrophic deficiency that causes mus-
cle degeneration [23]. Thus, the gutter-into-cup transfor-
mation in SNAs may take place as a result of degenera-
tion and regeneration of the muscle fibers following ag-
ing [2, 31], probably reflecting adequate structural re-
modeling for nerve-to-muscle signal transduction. The
dlit-like folds found on the flat sarcoplasm outside the
depressions and on the protruded sarcoplasm seem to
correspond to the expanses of junctiona folds lacking
terminal axons observed by TEM in this study (Fig. 5a,
b) and in previous studies on human myasthenia gravis
[32]. The occurrence of these slits may indicate that ves-
tigial junctional folds persist for along period after spon-
taneous denervation, probably depending on the exis-
tence of a cytoskeletal network underlying the plasma
membrane of their crests [8, 12]. In other words, these
postsynaptic abnormalities may take place as a result of
terminal sprouting and remodeling after retraction of
nerve endings, which is caused by partial degeneration
of muscle fibers. In addition, we often found NMJs con-
taining numerous lysosome-like granules in junctional
sarcoplasm (Fig. 5c¢), probably representing a degenera-
tive figure [7]. In this context, this seems to support that
the degeneration of junctional sarcoplasm induces the re-
traction of nerve endings. All these structural changes
were found mostly on relatively large muscle fibers, and
this was the major type of SNAs in the aged rats (ap-
proximately 70% of all the examined NM Js).

However, the SNAs on relatively small muscle fibers
of aged thymoma rats consisted of a small number of cup-
like depressions with poorly developed synaptic folds.
The junctional folds have not developed enough. It can be
suggested that these SNAs are newly formed on regenerat-

ing muscle fibers after their necrosis and are in the course
of maturation. In fact, the small muscle fibers in the aged
BUF/Mna rats often have centrally located nuclei (Fig. 6),
which may represent a sign of muscle regeneration [7].
Such similar immature structures of SNAs in regenerating
muscle fibers with centrally located nuclel were aso ob-
served in the dystrophic (mdx, dy2 and dy) mice and be-
came more obvious with age [6, 21, 23, 34]. Alternatively,
the apparatus containing sparse, narrow, dit-like and pit-
like junctional folds may just happen to be those on the
slow twitch-type fibers scattered in the extensor digitorum
longus muscle [29] rather than on the regenerating fast
twitch-type fibers. However, our TEM observation re-
vealed that short and thin processes from the terminal ax-
ons often protrude into wide junctiona folds in the aged
BUF/Mna rats. The existence of these structures suggests
that the terminal axons may exhibit intact presynaptic
transmitter release and recycling of synaptic vesicles,
while the postsynaptic membrane may indicate a degener-
ating sign. This is supported by previous findings in the
electrophysiological examination of this thymoma rats
[15, 16]. Similar structural changes were observed in
small subneura sarcoplasmic pits (0.5-1.0 um in diame-
ter) of the 4-month-old dystrophic (dy) mouse [6].

The similarities in these various structural changes
found in the aged BUF/Mna rats to those found in other
myopathies or normal aging processes may indicate that
the muscle turnover mechanism in the aged rats is pre-
served. Thus, we would suggest that both the slowly pro-
gressing muscle atrophy [1] and age-dependent turnover
of muscle fibers [11, 30] coexist in the aged thymoma
rats. The mechanism of how the remodeling of NMJs
seen in BUF/Mna rats is induced, however, still remains
to be determined. Iwasa et al. [15] have hypothesized that
the functional defect in excitation—contraction coupling
of the hind leg muscles is caused by autoimmune anti-ry-
anodine receptor antibodies raised against thymic epithe-
lia cellsin BUF/Mnarats. However, there is a discrepan-
cy in the time of occurrence between the fine structural
changes of NMJs and the anti-ryanodine receptor autoan-
tibodies which are detected at as early as 3 months of age
[15]. Furthermore, the occurrence of the autoantibodies
does not appear to correlate directly with the thymoma
development, since thymomas in male BUF/Mna rats
start to develop at about 9 months of age [10]. Since the
muscle atrophy develops slowly [1], it may take such a
long period until the fine structural changes of SNAs be-
come evident. Alternatively, it has been known that this
strain of rats complicates abnormal lipid metabolism and
hypoproteinemia with creatinuria, which could be a pos-
sible cause of muscle weakness and fatigability and vari-
able changes in muscle fibers [18]. In addition, the
thymomas usually reach more than 20 g [9] and polycy-
themia is often seen probably due to breathing problem
caused by the tumor mass (unpublished observation).
Therefore, it is even likely that the metabolic disturbance
accelerated by such various complications with age caus-
es the muscle degeneration and therefore induces the re-
modeling of NMJs in the hind leg muscles of these rats.



In conclusion, from the present findings and previous
observations, we confirm that the NMJs in aged
BUF/Mna rats perform similar structural changes to
those in normally aged rats and dystrophic (dy) mice. It
is suggested that both the slowly progressing muscle at-
rophy and age-dependent turnover of muscle fibers may
occur in the aged BUF/Mna rats. With respect to the
relationship of the thymoma development to the structural
changes of NMJs, therefore, we suggest that the progress
of this disease does not directly influence the structural
changes of aged NMJsiin thisrat strain.
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