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Summary

Histopathological examination was done on skeletal and diaphragmatic muscles from 8-month-old
male-crossbred beef cattle showing abnormal gait and tremor of hindlegs. The histopathology
revealed extensive numbers of round fibers, and centrally placed nuclei that showed nuclear chains in
the longitudinal sections, associated with interstitial fibrosis or fat tissue infiltration. In NADH-TR
staining, some muscle fibers in severe lesions showed a spoke-like appearance due to the radial
arrangement of sarcoplasmic strands. ~ Also, increased NADH-TR activities in the subsarcolemmal
structures, appearing as ring-like or necklace-like appearance were observed. Electron microscope
revealed dilated sarcoplasmic reticulum and variably shaped electron-dense inclusions consisting of
myofibrillar streaming.  Another prominent feature was the existence of numerous nemaline rods
within muscle fibers; nemaline rods were stained red by Gomori’s trichrome.  Also,
immunohistochemical staining revealed that nemaline rods showed strong immunoreactivity with
a-actinin and desmin antibodies. In the electron microscope, these structures were composed of
dense-homogeneous material and continuous with the Z disk.  Thus, the case was diagnosed as the
centronuclear myopathy with increased nemaline rods.
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Congenital myopathies in humans are early onset neuromuscular disorders showing clinically and
genetically heterogeneous characteristics.  Several subtypes in the congenital myopathies have been
reported based predominantly on muscle pathology (Fardeau and Tomé, 1994; North, 2008; Sewry
and Wallgren-Pettersson, 2017).  An inherited neuromuscular disorder, centronuclear (myotubular)
myopathy, is one of the congenital myopathies showing characteristic clinical symptoms and
histopathological features including significantly increased central nuclei in muscles (Jungbluth et al.,
2008). In humans, causative mutations in several genes have been identified that are inherited in a
dominant, recessive or X-linked manner, or arise de novo (Sewry and Wallgren-Pettersson, 2017).
Centronuclear myopathy has also been reported in various dog breeds: Labrador retrievers, Great
Danes, and Border collie dog, including cases with known genetic mutations (Beggs et al., 2010;
Bohm et al., 2013; Eminaga et al., 2012; Pel€ et al., 2005). In horses, a congenital centronuclear
myopathy was suspected in an Arabian-cross foal showing clinical symptoms, characteristic
electromyography (EMG), and ultrastructural, histopathological changes (Polle et al., 2014).

Nemaline rods have been described as a characteristic of muscle alteration in nemaline myopathy
and are considered to be derived from Z-line (Malfatti and Romero, 2016; Sewry and
Wallgren-Pettersson, 2017).  These structures are observed in normal myotendinous junctions,
normal extraocular muscles, ageing muscle and as a minor feature in several myopathies. In
animals, nemaline rods have also been reported in association with several animal myopathies
including congenital myopathies in cats (Cooper et al., 1986; Kube et al., 2006), some congenital and
acquired myopathies in dogs (Delauche et al., 1998; Nakamura et al., 2012), and congenital
myopathy in Braunvieh and Brown Swiss crossbred calves (Hafner et al., 1996).  This article
describes the muscle pathology in a calf diagnosed as the centronuclear myopathy with abundant
nemaline rods.

A 4-month-old male Japanese Black and Hereford crossbred calf showed with unstable gait,
claudication, and sometimes tremor of the hind legs during standing. It was initially diagnosed as
the disease of the limbs. No abnormalities were observed in appetite, excretion, or other general
conditions including blood and serum examination; no specific treatment was done.  As the disease
progressed, respirations were rapid and labored.  Its prognosis was diagnosed as being less
favorable; thus, the animal was sedated with Xxylazine and euthanatized by the intravenous overdose
of barbiturate at 8 months of age.

Tissue samples from visceral organs, central, and peripheral nervous system were fixed with 10 %
buffered formalin and embedded in paraffin, and sections were stained with hematoxylin and eosin
(HE). Skeletal muscle samples taken from whole body were frozen in liquid nitrogen, transversally
or longitudinally sliced at 10 um by cryostat and stained with HE, Periodic acid Schiff reaction (PAS),
modified Gomori’s trichrome, NADH-tetrazolium reductase (NADH-TR). Immunohistochemistry
(IHC) was performed using anti-desmin (DAKO, Denmark; diluted 1 in 500), anti-vimentin (DAKO,
Glostrup, Denmark; diluted 1 in 100), anti-o-actinin (YLEM, Roma, Italy; diluted 1 in 100), and
anti-embryonic myosin (Amersham Research Products, Belmont, USA; diluted 1in 200) as the
primary antibodies; horseradish conjugated peroxidase-labelled polymer (DAKO Envision Kit;
DAKO) as the secondary antibody. Endogenous peroxidase activity was blocked by incubation in
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H202 3% for 5 minutes at room temperature. The sections were exposed each primary antibody for
1 hour at room temperature and then incubated with the second antibody for 30 minutes at room
temperature.  The signals were detected using diaminobenzidine (Simple stain DAB; Nichirei,
Japan) followed by counterstaining with Mayer’s hematoxylin.  For electron microscopy, samples
from the diaphragmatic muscle and longissimus muscle (lumbar portion) were fixed with 2.5 %
glutaraldehyde in 0.05 M cacodylate buffer (pH 7.4), post-fixation with osmium tetroxide, embedded
in resin and processed routinely for semithin and ultrathin sectioning. ~ Skeletal muscles obtained
from clinically normal 8-month-old Holstein-Friesian cattle showing no histopathological lesions
were used as control for histochemistry and IHC.

Macroscopic lesions were confined in muscles of the trunk, back, pelvic limb, and thoracic wall;
and were observed symmetrically. Especially, M. longissimus thoracis, M. iliopsoas, M. vastus
medialis, Mm. adductores and the diaphragmatic muscles showed severe macroscopic changes and
were pale and appeared dry (Supplementary Fig. 1). No significant macroscopic lesions were
observed in visceral organs, nervous system and skeleton including bone development and joint
formation.

In control animal, muscles showed closely packed polygonal muscle fiber profiles and normal
cytoplasmic staining in HE and modified Gomoro’s trichrome staining (Supplementary Fig.2).
NADH-TR and PAS staining revealed a random distribution of fibers with high and low activity
depend on the presence of oxidative activity or the storage of glycogen, respectively (Supplementary
Fig. 3). Immunohistochemical study using desmin and a-actinin antibodies detected no abnormal
structures in muscle fibers of control animal. In affected animal, histopathological changes were
observed in the skeletal muscles showing no macroscopic changes with the various degree of
severity; scattering of fibers with central nuclei and scattering of small round fibers among fibers of
variability in size (Supplementary Fig.4). Histopathological features were observed in the skeletal
muscles showing macroscopic lesions: the central position of nuclei in round muscle fibers
associated with severe adipose tissue infiltration (Supplementary Fig. 5). In addition, marked
variability in the muscle fiber size was noted with numerous hypotrophic fibers, perimysial fibrosis
and increased numbers of satellite nuclei (Fig. 1). In longitudinal sections, long chains of nuclei
were observed in the center of muscle fibers (Fig. 2). In NADH-TR staining, muscle fibers of
affected animal revealed a spoke-like appearance because of the radial arrangement of sarcoplasmic
strands (Supplementary Fig. 6). These sarcoplasmic radial strands reacted strongly with PAS and
desmin immunoreactivity. Also, increased NADH-TR activities in the subsarcolemmal structures
were observed as ring-like or necklace-like appearance; these ring-like structures also showed strong
reactivity for PAS and desmin immunoreactivity. Diaphragmatic muscles showed the most severe
histopathological lesions; almost all muscle fibers were small and round and having one or more
central nuclei, indicating that those diaphragmatic muscles were immature due to a developmental
problem (Supplementary Fig. 7a).  In addition, increased reactivity to NADH-TR was observed in
diaphragmatic muscles, especially in the central part of muscle fibers, and often surrounded by a pale
halo at the periphery of the fibers (Supplementary Fig. 7b). Dark red inclusion bodies were also
observed in the skeletal muscle samples stained with Gomori’s trichrome method; showed the
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tendency of clustering together at the center of fibers (Fig. 3). These inclusion bodies showed
strong immunoreactivity to a-actinin (Supplementary Fig. 8) and desmin antibodies; however, no
immunoreactivity was observed with vimentin antibody. In electron microscope, immature fibers
observed in the diaphragmatic muscles showed centralized nuclei surrounded by an area devoid of
myofibrils and containing glycogen granules, dilated sarcoplasmic reticulum, degenerated
mitochondria, and electron-dense, variously shaped inclusions consisted of myofibrillar streaming
(Supplementary Fig. 9). Ring-like or necklace-like fibers showed central area bordered by an area
devoid of myofibrils and containing glycogen granules and dilated sarcoplasmic reticulum
(Supplementary Fig. 10). Periphery of these fibers showed a zone with lack of myofibrils.
Accumulations of numerous mitochondria localized in the center of the fibers were observed in some
fibers (data not shown). The longitudinal sections having nemaline rods revealed the streaming of
the electron-dense inclusions associated with myofibrillar degeneration in the center of fibers (Fig. 4).
Some inclusions were regularly aligned in parallel at the corresponding position of the Z disk; the
alterations were also observed at the peripheral zone of fibers, and at the disintegrated position of the
Z disk. In control animal, no ultrastructural abnormalities were observed in sarcolemma, myofiber
nuclei and myofibrils in the diaphragmatic muscles and longissimus muscle.

The calf investigated in this study was diagnosed as centronuclear myopathy based on the
pathological characteristic observed: varying muscle fiver size, abundant centrally placed nuclei in
the muscle fibers, and clinical features considering a case of suspected congenital myopathy. The
macroscopic lesions in muscles could possibly be factors to cause clinical symptoms: abnormal gait,
claudication and respiratory embarrassment. Both the dam and sire were clinically normal and thus
it is not clear if this disorder was an inherited disease. Congenital myopathy, suspected to be
inherited, has been reported in Braunvieh and Brown Swiss crossbred calves (Hafner et al., 1996).
The affected calves showed rapidly progressing muscular weakness and became recumbent within 2
weeks of birth.  The characteristic histological findings of skeletal muscle were intracytoplasplasmic
homogeneous structures in the periphery of muscle fibers and accumulation of nemaline rods.
However, the pathological features excluding nemaline rods and age of onset in these cases were
clearly different from our case.

In human, in addition to the central nuclei observed by muscle biopsy, other pathological
characteristics associated with gene mutations have been reported (Romero, 2010; Sewry and
Wallgren-Pettersson, 2017).  For example, in patients with mutations in MTM1 gene, pale
peripheral halos devoid of mitochondria, central areas devoid of organelles, central mitochondria
organelles and necklace fibers were observed (Bevilacqua, et al., 2009). Radial sarcoplasmic
strands surrounding the central area and necklace-like fibers are seen in patients with a DNM2 gene
mutation.

In animal cases with centronuclear myopathy, characteristic pathological features have also been
reported.  Subsarcolemmal ringed and central dense areas, so-called “necklace fibers”, an abnormal
localization of T tubules and sarcoplasmic reticulum were observed in Labrador retriever with
mutations in MTM1 gene (Beggs et al., 2010; Cosford et al., 2008).  Pathological characteristics of
the inherited myopathy of Great Danes with BIN1 gene mutation revealed dense central area in and
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“spoke of wheel” appearance in the muscle fibers, ultrastructural membranous whorls, deep
membrane invagination and abnormal triads in almost all muscle fibers (Bohm et al., 2013). Inan
Arabian-cross foal diagnosed as congenital centronuclear myopathy, necklace fibers and the
dilatation of the t-tubular system, and triads filled with granular debris were observed.

Histochemical and ultrastructural characteristics observed in this study were quite similar to the
specific structures reported in human and animal centronuclear myopathy. Ring like or
necklace-like appearances in this case were similar to the necklace fibers or necklace-like fibers
reported with the MTM1 gene mutation in human (Bevilacqua, et al., 2009), and in Labrador retriever
(Beggs et al., 2010; Cosford et al., 2008).  The spoke-like appearance as the result of the radial
arrangement of sarcoplasmic strands observed in NADH-TR is also similar to the radial sarcoplasmic
strands surrounding the central area or “spoke of wheel” appearance reported in patients with
mutations in DNM2 and BIN1 gene (Sewry and Wallgren-Pettersson, 2017), and great Danes with
BIN1 gene mutation (B6hm et al., 2013).  Another histopathological characteristic observed here, a
dark central region surrounded by a paler peripheral halo, is very similar to the reported
histopathological changes in the severe neonatal MTM1-related centronuclear myopathy (Romero,
2010; Sewry and Wallgren-Pettersson, 2017).  In addition, it is believed that this developmental
arrest in myotube maturation was caused by the lack or dysfunction of the enzyme myotubularin.

In this case, gene mutations have not been investigated yet; however, protein abnormalities caused
by the gene mutations could possibly contribute to the sarcoplasmic abnormalities observed here,
such as myotube maturation and spoke-like and necklace-like appearance in muscle fibers. The
MTM1 gene encodes the phosphoinositide phosphatase myotubularin 1 (Laporte, et al., 1996), and
the expression of MTM1-mutants in cultured cells was shown to result in the aggregation of
cytoskeletal intermediate filaments by an unknown mechanism (Goryunov et al., 2008). It was
speculated that “necklaces” was caused by the similar aggregation process of cytoskeletal
components leading to alterations in the processes involved in myonuclei and organelle positioning
within the fiber (Bevilacqua et al., 2019).

Nemaline rod can be distinguished from other structures that can be stained red with modified
Gomori’s trichrome technique, including mitochondria and cytoplasmic bodies (Nowak et al., 2013;
Sewry and Wallgren-Pettersson, 2017).  Ultrastrucutually, nemaline bodies are electron-dense
structures, with the similar density to that of the sarcomeric Z-line, and show continuity to Z-lines.
Immunohistochemically, nemaline rods reveal Z-line-related proteins including a-actinin, myotilin,
desmin and actin.  The acidophilic inclusions staining red with Gomori’s trichrome observed in this
study also expressed a-actinin and desmin immunoreactivities and ultrastructurally showed
continuity to Z-line. Those morphological features observed in this case correspond closely to the
morphological features of nemaline rods. Nemaline rods are the commonest pathological feature
associated with nemaline myopathy; however, they occur as a nonspecific alteration in various
human and animal myopathies (Banker and Engel, 1994; Delauche et al., 1996). Thus, whether the
presence of nemaline rods contributes as one of the principal pathogenesis in this study is unknown.
Further study to reveal gene mutations could be related to muscular disorders, and other related cases
in calves are required in order to elucidate the pathogenesis of the centronuclear myopathy in cattle.
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264 Figure legends

265

266 Fig. 1. Cryostat section of M. vastus medialis. The muscle fibers of the transverse section reveal
267  varying in size and round shape with internal nuclei.  Endomysial connective tissue and number of
268  satellite nuclei are increased. HE.

269

270  Fig.2. Cryostat section of M. vastus medialis. The muscle fibers of the longitudinal section

271  show nuclear chains in the mid-portion of the fiber. Increased numbers of satellite nuclei are also
272  wisible, HE.

273

274  Fig. 3. M. longissimus lumborum stained with Gomori’s trichrome shows variable numbers of
275 nemalinerods. Gomori’s trichrome staining.

276

277  Fig. 4. The longitudinal section of M. longissimus lumborum reveals the nemaline rods arise from
278  the Z disk (arrows). Numerous nemaline rods are observed in the center of fibers, associated with
279  or formed myofibrillar degeneration. Bar: 10um.

280









Supplementary data-1

fig. 1 fig. 2

fig. 3 fig. 4

fig. 1. Gross features of the muscles of the hind legs. M. vastus medialis reveals pale (arrows), while
the semimembranosus muscle (arrow heads) shows relatively normal color.

fig. 2. Cryostat section of M. semimembranosus from control animal. Normal cytoplasmic staining is
pale green, and nuclei and sites of high mitochondrial density stain red. Modified Gomori’s trichrome.
fig. 3. Cryostat section of M. semimembranosus from control animal. NADH-TR staining shows a
ranom distribution of the fibers with high and low activity depend on the presence of oxidative
activity.

fig. 4. Cryostat section demonstrates mild lesion and varying fiber size with internal nuclei in M.
semimembranosus. HE.



Supplementary data-2

fig. 5. Cryostat section of M. vastus medialis shows severe lesion associated with fat tissue
infiltration. HE.

fig. 6. Staining for NADH-TR reveals fibers with sarcoplasmic strands radiating from the central
nucleus (arrows) and increased reactivity showing ring-like appearance (arrow heads). NADH-TR.



fig. 7a, b. The diaphragmatic muscles are consisted of small rounded or polygonal fibers with
several internal nuclei (a). NADH-TR staining reveals the fibers with a dark central region
surrounded by pale peripheral halo (b). a: HE, b: NADH-TR.

fig. 8. M. longissimus lumborum shows variable numbers of nemaline rods revealed strong
immunoreactivity with a—actinin antibody. THC.



Supplementary data-4

fig.9. The immature fiber of the diaphragmatic muscles shows the centrally placed nuclei
surrounded by glycogen granules, and a reduction in myofibrils. Inset shows the organelles
probably originating from the mitochondria. Bar: 10um.

fig.10. Rnig-like or necklace-like fiber of M. vastus medialis reveals the center bordered by an
area devoid of myofibrils and containing glycogen granules and dilated sarcoplasmic reticulum.
Peripheral area shows a zone with lack of myofibrils. Inset shows dilated sarcoplasmic
reticulum. Bar: 10pm.
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