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Summary

The objective of the current study is to present data on the
splitting of skeletal muscle fibers in C57BL/6NCrl mice. Skeletal
muscles (m. rectus femoris (m. quadriceps femoris)) from 500
(250 @ and 250 &) C57BL/6NCrl mice in the 16th week of life
were sampled during autopsy and afterwards standardly
histologically processed. Results show spontaneous skeletal
muscle fiber splitting which is followed by skeletal muscle fiber
regeneration. One solitary skeletal muscle fiber is split, or is in
contact with few localized splitting skeletal muscle fibers. Part of
the split skeletal muscular fiber is phagocytosed, but the
remaining skeletal muscular fiber splits are merged into one
regenerating skeletal muscle fiber. Nuclei move from the
periphery to the regenerating skeletal muscle fiber center during
this process. No differences were observed between female and
male mice and the morphometry results document <1 % skeletal
muscle fiber splitting. If skeletal muscular fibers splitting occurs
5 %> of all skeletal muscular fibers, it is suggested to describe
and calculate this in the final histopathological report.
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Introduction

Skeletal muscle regeneration is a highly

orchestrated process and the factors that impact skeletal
muscle structure, function and regeneration are of great
importance and interest not only scientifically but also
clinically. This means, skeletal muscles regeneration is in
the interest of medical research (Kinter and Sinnreich
2014, Liu et al 2018). skeletal
regeneration is studied at a high level including injury,

Today muscle

development, factors contributing to regeneration,
satellite cells, stem cells, the role of secreted factors and
extracellular matrix remodelling (Baghdadi and
Tajbakhsh 2018, Liu et al. 2019, Wosczyna et al. 2019).
The results are important for applied research and
especially for muscular dystrophies, which are
characterized by atrophy, degeneration and fragmentation
of skeletal muscle fibers with a partial or complete loss of
contractility. It is well known, that smaller mechanical
damage to skeletal muscle fibers can be accompanied by
regeneration, but traumas that are more extensive are
always followed by reparation with fibrosis (Filip et al.
2019, Holecek and Micuda 2017, Li et al. 2017,
Morimoti et al. 2015, Ohno et al. 2019, Wens et al.
2019). Skeletal muscular fibers splitting with creating
new skeletal muscular fibers are in this study present as
possible activators or one ways to skeletal muscles
1994). Most

experiments are now carried out on rodents, due to their

regeneration (Antonio and Gonyea
size, low breeding costs, high reproduction rate and stable
genetic background. The mouse (Mus musculus, family
Muridae) is the preferred laboratory animal in basic
research. The International Mouse Phenotyping
Consortium (IMPC) is an international effort by 19
research institutions to identify the function of every

protein-coding gene in the mouse genome. Several
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objectives were identified (Meehan et al. 2017). Mice are
produced and maintained on a CS57BL/6N genetic
background with support mice derived from C57BL/6NIJ,
C57BL/6NTac, or C57BL/6NCrl. All
centers across the world follow standards and generate

phenotyping

seven females and seven male homozygotes, and
compare them with seven female and seven male of the
mentioned control mice. Veterinary pathologists play
an important role, especially towards the end of the
phenotyping process during necropsies, as well as
evaluating histological slides of sampled organs. Cross-
striated skeletal muscles are mandatory part of this
sampling procedure. Here in this article, we suggest that
the final histology results should describe two individual
parameters related to the splitting of skeletal muscular
fibers. First, to recognize and define skeletal muscular
fiber splitting and second to calculate the percentage of
split skeletal muscular fibers. This is descriptive light
microscopy histopathological work and findings could be
useful for the highly focused community in rodent
histopathology. The objective of this study is to present
data on the skeletal muscular fiber splitting in a wider set
of proprietary material using C57BL/6NCrl mice skeletal
muscles of m. rectus femoris (m. quadriceps femoris).

Material and Methods

Animal characteristics
In this study CS57BL/6NCrl
investigated and histologically

mice were
examined in the
Histopathology unit of the Czech Centre for
Phenogenomics in Vestec as part of the phenogenomic
screening. The Histopathology laboratory adheres to good
laboratory practice (GLP) and all steps of mouse sample
processing are according to standard operation
procedures (SOP). All mice were sampled at 16 weeks of
age. Femoral skeletal muscles of the right and left pelvic
limbs were used for this purpose. Skeletal muscles
(m. rectus femoris (m. quadriceps femoris)) from 500
(250 @ and 250 &) healthy C57BL/6NCrl mice were
sampled during the autopsy. Mice were anesthetized
using Isoflurane appropriately (Forane™, AbbVie s.r.o.,
Czech Republic)

Subsequently, they were euthanized and skeletal muscles

Prague, and a dosing device.

were sampled up to 20 min. after euthanasia.
Histological procedures

The skeletal muscles were fixed for a minimum
of 24 hours in 4 % formalin solution. Material was

excised and skeletal muscles were transversally oriented,
and processed according to standardized protocols using
autotechnicon Leica ASP 6P25 (Leica Biosystems
Nussloch GmbH, Heidelberger, Germany). All samples
were embedded into paraffin blocks using embedding
station Leica EG 1150H (Leica Biosystems Nussloch
GmbH, Heidelberger, Germany). Samples were cut on
rotary microtome Leica RM2255 (Leica Biosystems
Nussloch GmbH, Heidelberger, Germany). Serial slices
were placed onto standard slides (Knittel Glass Gmbh,
Saksa, Germany) and stained with hematoxylin-eosin and
integrated into permanent histological preparation with an
SYMPHONY
(Ventana Medical Systems, Inc. Tuscon, Arizona, USA).

automated staining station system

Samples evaluation
Two slices per mouse were placed on each slide
and analyzed. The prepared samples were evaluated as
light-microscopic images obtained using the Carl Zeiss
Axio Scope Al (Zeiss, Munchen, Germany) at
100x, 200x and 400x (Zeiss,

Munchen, Germany). The slides were also evaluated

magnifications 50x,

using AxioScan.Zl slide scanner (Zeiss, Munchen,
Germany) and the percentage of split skeletal muscular
fibers to all skeletal muscular fibers was quantified for
each slide. The results were averaged and compared

between male and female mice.

Statistical analysis

The morphometry results were analyzed using
ANOVA and statistical computation was carried out
using Statistix9 and IfoStat packages. Differences were
declared significant at p<0.05.

Results

Histological view with partially transversally,
partially longitudinally sectioned skeletal muscles with
sporadically visible solitary arranged hypertrophic
spherical shape basophilic skeletal muscle fibers, which
are mostly localized in the periphery of a primary muscle
septum. Part of them are split to several miniature,
shapeless, or triangular formations. Some have similar
thicknesses compared to normal skeletal muscle fibers.
The splitting mechanism is almost identical.
An individual skeletal muscle fiber is visible, or there are
few skeletal muscle fibers in close proximity to each
other (Fig. 1A, and Fig. 1B). Mostly however, the

sarcolemma remains preserved, and the skeletal muscular
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fiber split at one section into several thinner ellipsoid
daughter units with several highlighted lighter nuclei.
Subsequently, there is skeletal muscle fiber hypertrophy
with nuclei movement at their periphery. Part of the split
skeletal muscle fiber is phagocytosed and what remains is
able to merge into one skeletal muscle fiber (Fig. 1C).
The nuclei move from the periphery to the center of a
split skeletal muscle fiber. Such skeletal muscle fibers are
well recognizable due to the presence of bright, vesicular
nuclei with prominent nucleoli when organized in chain
formations and approach each other from opposite sides
(Fig. 1D). The process continues until the nuclei interfere
with each other at complete skeletal muscle fiber renewal.
Consequently, the nuclei acquires a classical oval to

semi-circular shape with subsarcolemal localization. In

certain areas there is an interstitial reaction where the
increasing content of epimysium surrounding the splitting
skeletal muscular fibers is visible (Fig. 1E). In some
individual cases, with an increasing content of split
skeletal muscle fibers there are junctions between
peripheral nerves and skeletal muscle fibers visible with
focal axon degeneration (Fig. 1F). Others in the full
material normal perimysium and normal several
visible. No

differences in the average percentage of skeletal muscular

miniature capillaries are significant
fiber regeneration, average percentage of hypertrophic
fibers and finally the

percentage of splitting skeletal muscular fibers were

skeletal muscular average

observed between female and male mice (p<0.05).

A) a cross-section of skeletal muscles with one well visible split skeletal muscular fiber. The brown arrow shows centrally localized
nuclei and the blue arrow shows peripheral localized nuclei. Legend: HE: 400x. B) variably sized ellipsoid split skeletal muscular fibers.
the blue arrows show nuclei localized at the periphery. Legend: HE: 400x. C) split skeletal muscular fibers. blue arrows show several
ellipsoid formations with almost peripherally localized nuclei. Legend: HE: 400x. D) notably increased content of split skeletal muscle
fibers (black arrows) with peripherally localized interstitial reaction (green arrows). The red arrow shows a periphery nerve and the grey
arrow shows a capillary. E) view of the junction between periphery nerves (red arrow) and several split skeletal muscle fibres (black
arrow) with focal skeletal muscle fiber necrosis (yellow arrow) and peripherally localized interstitial reaction (green arrows). F) another
view of the junction between periphery nerves (red arrow) and several longitudinally sectioned split skeletal muscle fibers (black arrow)
with periphery localised interstitial reaction (green arrows), the grey arrow shows a capillary.

Discussion regeneration of skeletal muscle fibers in skeletal muscles
can occur in two ways; the origin of new skeletal muscle
fibers

autoregeneration of existing skeletal muscle fibers. The

Skeletal muscle tissue damage and the following derived from undifferentiated cells or

repair or regeneration are today intensively studied from

many different views with high clinical importance. The  first option is to activate satellite cells that survive
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between fully differentiated skeletal muscle fibers.
However, there are only limited possibilities (Forcina
et al. 2019). The second variant consists in the splitting of
existing skeletal muscle fibers. We have observed this
phenomenon in our samples repeatedly and histologically
there are differences between skeletal muscle fiber
regeneration after injury, and skeletal muscle fiber
splitting. An isolated splitting skeletal muscle fiber is
acommon finding, however if skeletal muscle fiber
splitting exceeds 5 %> value on evaluated slices, we
believe this should be recorded and calculated in the final
histopathology report. Here the veterinary pathologist can
note if splitting is sufficient to compensate muscular
defect, towards the relationships with normal skeletal
muscle fibers. Other information about changes in the
blood or lymphatic vessels, nerve fibers, the amount and
type of connective tissue and necrosis should also be in
the final report stated. In comparison to our previous
work, where we observed the frequency of splitting
skeletal muscle fibers in skeletal muscle of pigs. We
found that with a pig’s increasing age, a percentage
increase in the occurrence of splitting skeletal muscle
fibers is apparent, but this process has no importance in
postnatal growth of skeletal muscle (Makovicky et al.
2015). Muscle splitting, proliferation of residual cellular
islets, recombination of preserved skeletal muscle fibers
and residual sarcoplasm have been observed
histologically (Maxie 2016). On the other hand, it is not
fully understood if the splitting of skeletal muscle fibers
plays some role in the regeneration of damaged skeletal
muscles, and is still a matter of research (Chen et al
2019, Siles et al. 2019). There may be some differences
fibers,
internal and external

in  skeletal muscular including  tissue

responsiveness to influences.
Therefore, we think that this phenomenon can be
interpreted as a sign of muscular disruption. On the other
hand, we here also accept an alternative of periphery
nerve-skeletal muscles excitement exchange disorder. So
finally skeletal muscle fibers splitting can be interpreted
also as muscular fiber degeneration, followed by skeletal
muscle fiber regeneration. For example, in standard
veterinary bioptic practice, we practically do not see any
skeletal muscular fibers splitting in domestic animals. On
the other hand, using rodents, we had the opportunity to
investigate multiple muscles at once in one histological
preparation, comprising of a greater percentage of muscle
tissue compared to the samples taken from the skeletal
muscles of larger animals. Also in the scientific literature,
there is an alternative to skeletal muscle fiber hyperplasia

in adult skeletal muscles, but with significant differences
(Brown 2000). By
comparing our findings and conclusions with data in the

in individual animal species
scientific literature, we find partially similar and partially
conflicting views. Generally, the hypothesis is that
regeneration of skeletal muscles is dependent on the
extent of skeletal muscle tissue damage. When the
sarcoplasm and at least some of the nuclei remain
preserved, the regeneration may be complete. The
sarcoplasm increases its volume and produces multi-
nuclear multinuclei protoplasmic islets that bind to
become a syncytium. However, damage to muscle tissue
with complete disruption of skeletal muscle fibers will
always end with reparation. One study, for example,
states that skeletal muscles regeneration takes place in
two interdependent phases (Charge and Rudnicki 2004).
This is a degenerative and regenerative phase. Necrosis of
damaged skeletal muscle fibers along with the presence
of inflammation are the main parts of the degenerative
phase, which could also correspond with our findings
when part of the split skeletal muscle fiber remains
phagocytosed. In the regenerative phase, myogenic cells
are activated in which the myofibrils are synthesized and
arranged. At this stage, skeletal muscle fiber splitting was
also observed, but this is explained as a result of
insufficient fusion of regenerative skeletal muscle fibers
(Cabral et al. 2008). Some of the works describing the
fibers
hypertrophic or even giant skeletal muscle fibers (Fazarin

splitting of skeletal muscle are related to
et al. 2002). On the contrary, we document that the
splitting phenomenon is not bound to skeletal muscle
fiber calibre. Here we believe that the thickness of
skeletal muscle fibers is limited by the possibilities of
transporting nutrients and oxygen to skeletal muscle
fibers and vice versa. Murach et al. (2019) hypothesizes
that fiber splitting is a non-pathological component of
extreme loading and hypertrophy, which is primarily
supported by evidence in animals, and proposes that the
mechanisms and consequences of fiber splitting deserve
further exploration. This partly correlates with our
previous findings when we found that larger skeletal
muscle fibers and especially hypertrophic, possibly giant
skeletal muscle fibers are predisposed to splitting
(Makovicky 2010). Conversely, the increased percentage
of split skeletal muscle fibers ultimately endangers
skeletal muscle function (Kiriaev et al. 2018). In any
case, it is true that hypertrophic skeletal muscle fibers
usually become subject to splitting. These can be splits
into several thin to miniature basophilic elements, which
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sometimes markedly resemble isolated myoblasts, or
myotubes with several bright vesicular nuclei and
prominent nucleoli. However, it is a question of whether
these are separate skeletal muscle fibers, which do not yet
explain the mechanism of the formation of sarcolemma
by splitting. There is a hypothesis that the original
skeletal muscle fiber remains continuous, but in several
places it was in fact split. It is not about the creation of
separate skeletal muscle fibers, but only about sister
skeletal muscle fibers within one. Here, we are inclined to
the hypothesis of myofibril damage with their branching
and subsequent disintegration of the hypertrophic skeletal
muscle fiber (Faber ef al. 2014). However, it is doubtful
whether a part of the skeletal muscle fiber is able to
regenerate, especially if part of the split skeletal muscular
fiber remains phagocytosed. Another study was based on
the assumption that hypertrophic skeletal muscle fibers
are the result of muscle damage and the splitting of
skeletal muscle fibers is the result of an older trauma,
while others reflect the ongoing traumatic process
(Eriksson ef al. 2006). Contrary to us, the authors of this
study have analyzed samples of the skeletal muscle of
weightlifters, where the splitting is subject to particularly
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Dear Editor,

Skeletal muscle reparation and regeneration is
indeed a very interesting issue from various perspectives.
The interest of both the expert communities and lay
public is explicable by the issue of skeletal muscle
injuries in professional athletes, one of the leading causes
of prolonged discontinuation of their active sport career.
Comparably interesting is also the area of research
focused on genetically determined muscular atrophies.
For the above-mentioned reasons, we have read with
great interest the paper “Histological aspects of skeletal
muscle fibers splitting of CS57BL/6NCrl
Makovicky and Makovicky (2020).

What grabbed our attention the most is that the

mice” by

manuscript title refers to “muscle fibers splitting”.
However, the photomicrographs in the presented article
show clearly distinguishable muscle spindles, which are
normal components of the skeletal muscle. However, this

is not the only problem of this paper.

Mammalian skeletal muscle is capable of
regeneration, although this ability has its limits if the
skeletal muscle injury is extensive and a certain
regenerative threshold is reached (Liu et al. 2018).
Muscle regeneration is based predominantly on the action
of satellite cells (also called resident muscle stem cells)
and is mainly controlled through the expression of
extracellular matrix (ECM) proteins and various bioactive
molecules. Satellite cells are a heterogeneous population
of quiescent cells, which are arrested at an early stage of
the myogenic program (Oprescu et al. 2020). In case of
injury, they are activated by the effect of specific
molecules (e.g. MRF4, myogenin, MyoD, and Myf5),
they proliferate and undergo the process of differentiation
into myoblasts (Zammit 2017). Consequently, myoblasts
fuse with each other to produce multinucleate myotubes,
which give rise to mature muscle fibers. The plasticity of
ECM is imperative to the ability of satellite cells to
become activated, for their differentiation and subsequent
migration to the location of injury (Petrosino et al. 2019).
The paper by Murach ef al. (2019), also cited by the
authors, suggests that muscle fiber splitting may occur
physiologically as a satellite cell-independent process,
however, largely as a response to extreme overload of
a muscle. We have not found any mention of such
approach applied to mice described by Makovicky and
Makovicky (2020).

The principal problem and the main flaw of the

PHYSIOLOGICAL RESEARCH ¢ ISSN 1802-9973 (online)

© 2020 Institute of Physiology of the Czech Academy of Sciences, Prague, Czech Republic

Fax +420 241 062 164, e-mail: physres@fgu.cas.cz, www.biomed.cas.cz/physiolres


https://www.biomed.cas.cz/physiolres/pdf/2020/69_291.pdf

546 Varga et al.

Vol. 69

article by Makovicky and Makovicky (2020) is that in the
slides from murine limb skeletal muscle the authors failed
to identify muscle spindles and confused them with
dividing skeletal muscle fibers. Muscle spindles are
present in large numbers in skeletal muscles and are the
most frequently found sensory organs in the
musculoskeletal tissues of mammalian limbs (Ellaway
et al. 2015). Each individual skeletal muscle of the limb
contains 25-114 muscle spindles (Banks 2006). Just as
a matter of interest, we would like to add that human
skeletal muscles contain 44 000 muscle spindles in total
(Voss 1971). It is not surprising, from the perspective of
various functional roles of skeletal muscles, that each
muscle should possess a characteristic proprioceptive
innervation. Muscle spindle (fusus neuromuscularis) is
the spindle-shaped intramuscular stretch receptor which
is important in the regulation of muscle contraction.
A single muscle spindle receives one or more sensory
nerve fibers, whose endings are located more or less in
the middle of a small bundle of specialized intrafusal
muscle fibers. These intrafusal fibers also receive their
own motor innervation, allowing for the phasic and tonic
aspects of the sensory responses to be independently
adjusted (Bewick and Banks 2015).

The microscopic structure of the muscle spindles
in clearly visible in the photomicrographs published in
the paper by Makovicky and Makovicky (2020),
especially their Fig. 1 C-F contain typical examples of
muscle spindles. For a comparison, we provide our own

photomicrographs (our Fig. 1A-B). The muscle spindles
are located inside the skeletal muscle and are surrounded
by thin connective tissue capsule comprised of fibroblasts
After
examination, inner and outer layer (internal and external

and delicate collagen fibers. more precise
lamina) can be distinguished with a space between them
filled with glycosaminoglycan-containing jelly-like fluid.
The muscle spindle contains intrafusal muscle fibers
(myofibrae intrafusales), which differ from the regular
muscle fibers in several features: they are shorter and
they have fewer myofibrils. Nuclear bag fibers have
aggregated nuclei occupying the central region. Nuclear
chain fibers possess multiple nuclei arranged in chains.
The polar region contains muscle fibers with motor end
plates, while the equatorial region contains annulospiral
sensory nerve endings. Apparently, this typical
microscopic structure, which is illustrated in most
pregraduate histology textbooks (Balko ef al. 2018, Ross
and Pawlina 2016) as well as in histopathology manuals
(Heffner and Balos 2007), was confused with the process
of muscle fiber splitting in the paper by Makovicky and
Makovicky (2020). Many scientific papers dealing with
mammalian muscle spindles in more detail are available,
demonstrating e.g. the spatial reconstruction, fiber typing,
histochemistry, and electron microscopy of the intrafusal
fibers (Thornell et al. 2015), their innervation patterns
(Banks 2015), fusimotor activity (Ellaway et al. 2015),

and more.

Fig. 1. Examples of mammalian muscle spindles as shown in routine preparations of skeletal muscles used in pregraduate Histology
courses. (A) These stretch receptors are surrounded by an external capsule (black arrowhead). The internal capsule (blue arrow)
contains intrafusal muscle fibers (black arrow). Interosseal muscles of the cat metacarpus, hematoxylin eosin stain, scale bar 50 pm.
(B) External capsule (black arrowhead), intrafusal muscle fibers (black arrow), and unmyelinated nerve fibers. Human tongue,
Verhoeff’s iron hematoxylin and green trichrome stain, scale bar 50 pm.



2020 The Issue of Skeletal Muscle Growth and Regeneration 547

In the following points, we add several other center of a split skeletal muscle fiber”. Centrally
comments, which put the finishing touches to the located nuclei are found only in intrafusal muscle
complex picture of this scientific article: fibers inside the muscle spindles. Due to the main

e “Methods: The morphometry results were analyzed

using ...” The results don't contain any
morphometry. What exactly did the authors
measure? How was the countable event defined?
How was the edge effect eliminated? What
sampling strategy was applied? Did the authors
quantify the diameter of muscle fibers, size of the
nuclei, ratio between muscle tissue and interstitial
connective tissue? Neither quantitative methods nor
tools were described, what made the effort non-
reproducible. As the authors probably counted
various phenomena, the study cannot even be used
for mapping the muscle spindles within the mouse
rectus femoris muscle (Sato et al. 2007). Tschanz et
al.  (2014) summarized all the necessary
requirements for planning, designing, and
performing a successful morphometric study.
“Results: ...hypertrophic spherical shape basophilic
skeletal muscle fibers...” Skeletal muscle fibers are
always acidophilic, never basophilic. This is due to
the high content of mitochondria, myoglobin and
smooth endoplasmic reticulum.

“Results: There is skeletal muscle fiber hypertrophy
with nuclei movement at their periphery”. Every
skeletal muscle fiber has its nuclei located at the
periphery. Moreover, without any scale bar, it is
very hard for a reader to notice which muscle fiber
is hypertrophic. No definition of hypertrophy was
provided in the paper. Moreover, no reasons were
provided why the fibers should undergo hypertrophy
since all the mice were kept in similar environment
with similar conditions, probably without any
extreme physical activity.

“Results: Part of the split skeletal muscle fiber is
phagocytosed ...” This claim by the authors is not
documented anywhere in the paper, even though the
demonstration of macrophage presence is routinely
performed, e.g. using antibodies against MAC 387
or CD68 or other monocyte/macrophage immune-
histochemical markers. No macrophages are shown
in the routine sections either.

“Results: Splitting skeletal muscle fibers...” No
markers of cell division and proliferation were used
at all, although the study refers to “skeletal muscle
regeneration”.

Results: The nuclei move from the periphery to the

methodology flaw, the authors’ description could
probably match some of the intrafusal bag fibers
with central aggregation of nuclei.

e  “Results: Such skeletal muscle fibers are well
recognizable due to the presence of bright, vesicular
nuclei with prominent nucleoli ... (Fig. 1D)”. The
photomicrographs do not correlate with the narrative
description of the results. With the magnification so
low, and the pictures so blurred, it is hard to
distinguish cell nuclei and almost impossible to
distinguish mentioned nucleoli. Unfortunately, none
of the presented photomicrographs display any of
the “unique” findings the authors have observed, as
they claim in the main text. In each picture, we only
see muscle spindles, not dividing muscle fibers.

e  “Results: ... junctions between peripheral nerves
and skeletal muscle fibers visible with focal axon
degeneration”. What criteria of axonal degeneration
were applied? How have the authors managed to
observe focal axonal degeneration under a light
microscope by using only such low magnifications
and on top of that, by examining slides stained only
with hematoxylin and eosin?

e  “Results: No significant differences in the average
percentage of skeletal muscular fiber regeneration,
average percentage of hypertrophic skeletal muscular
fibers ...” What method was used by the authors to
study muscle fiber regeneration, which, under normal
conditions, occurs via the activation of satellite cells?
How have they managed to identify which muscle
fibers were hypertrophic, when they have not
mentioned any normative? These results are probably
imaginative and not substantiated by own genuine
research. No primary data are presented in the Results
either in a graphical or in tabular form.

The aim of our criticism of the paper authored by
Makovicky and Makovicky (2020) was to prevent the
readers from being misinformed by a paper based on
a major flaw such as confusing splitting muscle fibers with
a stretch receptor.
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Here, we would like to provide a short response
to Letter to the Editor written by a respected human
anatomists and histologists (Varga et al. 2020). The
muscles of animals represent 40 to 50 % of their body
weight, and the greatest part of this mass consists of
cross-striated skeletal muscles (Makovicky et al. 2009d).
At present it is a subject of intensive veterinary research,
as muscles represent one of the most important elements
in human nutrition. In addition, they are at the centre of
applied research especially for muscular dystrophies,
which are histologically characterized by muscular fiber
atrophy, fragmentation and necrosis. Therefore, muscular
fiber regeneration is an important part of research, but
reparation is only the final stage of skeletal muscle
damage. It seems that gene mutations play major roles in
muscular dystrophies. On the other hand, it can also be
expressed that myopathology in veterinary medicine is
still lacking sufficient knowledge, but we are certain that
future discoveries about individual gene mutations will
change the view of skeletal muscle disease classification.
Several studies have concentrated on the pathophysiology
of muscular dystrophies, and muscular fiber splitting is
interpreted here as a degenerative process. From this,
several experimental studies documented muscular fiber
splitting as a result of intensive exercise (Antonio and
Gonyea 1994, Ho et al. 1980, Sola et al. 1973) or also
exercise and nutrition (Eriksson et al. 2006). Some

authors are convinced that this process starts with skeletal
muscle fiber hyperplasia and is followed by skeletal
muscle fiber hypertrophy (Alway et al. 1989, Tamaki et
al. 1992). One study documented muscle fiber splitting in
the normal skeletal muscle of dogs without disease
(Braund ef al. 1982), or one necroptic study documented
muscle fiber splitting in the skeletal muscles of horses
(Valentine 2008). Other authors are convinced that
muscular fiber can grow only to a limited thickness after
they have split (Uhrin and Uhrin 1989). It was even
proposed that mice are not the best animal species for
potential muscular dystrophy therapeutic studies because
results obtained in mice cannot always by replicated in
humans (Duan et al. 2015). We are supposing that
skeletal muscle fiber splitting can also be visualized in
C57BL/6NCrl mice. Today, there are models for several
phenotyping centers across the world. Taking into
account that skeletal muscles are constantly sampled
during phenotyping, we hold the opinion that it is
important to monitor and report if there are some changes
in skeletal muscle.

Muscle spindles are a persistent part of animal
skeletal muscles, functioning as sensory receptors and
playing an important role in muscle contraction. For
example, there was a full presentation about skeletal
muscle development at the International Congress of
Slovak Anatomical Society and 44" Lojda Symposium
on Histochemistry, held in Bratislava. During the
presentation, muscle spindles were also mentioned
(Makovicky et al. 2007d). In another International
Congress on Anatomy and 49th Lojda Symposium on
Histochemistry, held in Hradec Kralove, there was a full
presentation showing the histological aspects of muscular
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fiber
(Makovicky et al. 2012). There have been several our

splitting, containing several detailed figures

presentations and/or articles dealing with the
development of animal skeletal muscle (Kulisek et al.
2004a, Kulisek et al. 2004b, Makovicky et al. 2007c,
Makovicky et al. 2009c¢), including the role of satellite
cells or the impact of the MYF4 gene during skeletal
muscle development (Makovicky et al. 2006, Makovicky
et al. 2009a, Makovicky et al. 2015). Special attention
was given to giant fibers and muscular fiber splitting
(Makovicky et al. 2007a, Makovicky and Makovicky
2015), with

including the

several histological changes observed,
influence of the RYR/ gene and
histological, histochemical changes in muscular fibers
(Makovicky et al. 2007b). A classification system for the
splitting muscle fibers in the form of histological grade
(G1-G4) was proposed and recommended for veterinary
biopsy practice (Makovicky et al. 2009b). Morphometric
analyses were made and some histochemical properties of
split skeletal muscles were identified (Makovicky et al.
2010).

All the samples are derived from our IMPC
(International ~ Mouse  Phenotyping  Consortium)
phenotyped mice. General information about the program
is freely available. The consortium began work in 2011
with its first and immediate objective to generate a null
mutant and undertake broad based phenotyping for every
gene in the mouse genome. As of 2018, IMPC have
completed 8,000 genes — more than a third of the mouse
coding genome. Completing the null mutant resource will
enable to define the complete catalogue of essential genes
in the mammalian genome, as well as continue to
elaborate and expand the view of the genome landscape
for multiple disease areas. The phenotyping module at the
Czech

a comprehensive collection of tools for the physiological

Center for Phenogenomics houses
and morphological assessment of experimental mice and
rats in a controlled SPF (specific pathogen-free)
environment. All animal models and experiments used in
study were ethically reviewed and performed in
accordance with European directive 2010/63/EU and
were approved by the Czech Central Commission for
Animal Welfare. Each cohort contains prescribed mice,
and from selected mice 30 female and 32 male organs are
sampled, including two cytological smears. Our database
currently contains 1219 (629 females; 590 males)
C57BL/6NCrl mice. This study reflected our personal
views and shows a selected portion of our results about
skeletal muscles, but could prove to be useful for the

highly focused community in rodent histopathology.
Results document normal skeletal muscles, and other
macroscopic, histological results will be applied to
particular mutant cohort mice, or to full control mice, and
may be published in a future article. From the 500
samples discussed, those that possess split muscle fibers
make up less than 1%, which on calculation is
a negligible amount. If we were to compare this with the
amount of muscle spindles in skeletal muscle, it is clear
that there is a difference in their numbers, which would
lead to a result of more than 1 %.

Table 1. Percentage average of mice with hypertrophic/splitting
muscular fibers and percentage average of hypertrophic/splitting
muscular fibers on each individual sample.

Signature MHSMF AHSMF

250 9 250 & FSM ¢ FSM &
HMF <1% <1% <1% <1%
SMF <1% <1% <1% <1%

MHSMF: percentage average of mice with hypertrophic and
splitting muscular fibers, AHSMF: percentage average of
hypertrophic and splitting muscular fibers on each individual
sample, FSM: femoral skeletal muscles, HMF: percentages
average of hypertrophic muscular fibers, SMF: percentages
average of splitting muscular fibers.

For analysis, slides with hypertrophic or splitting
muscular fibers were scanned using a Carl Zeiss Axio
Scope Al (Zeiss, Germany), which allows morphometry
analysis (Kucera 2018). The average percentage of
hypertrophic and splitting muscular fibers was calculated.
An independent reviewer recommended that we remove
a table containing morphometric results from our paper
(Makovicky and Makovicky 2020). Table 1 shows that
hypertrophic and splitting muscular fibers are visible in
less than 1 % of all mice and less than 1 % of each
individual sample. Muscular spindles are also clearly
visible in the skeletal muscle of C57BL/6NCrl Mice. We
acknowledge the figure criticism, which correctly points
to the presence of muscle spindles. It was an oversight
not to mention muscular spindles in our results section,
nor in our figure descriptions. However, it shall not be
overlooked in our future works. It seems that splitting
muscular fibers have different morphology during
pathological conditions compared to spontaneous
splitting. Even in normal muscles they are only
occasionally visible, in one mutant cohort of mice we
found an increasing number of split muscular fibers.

In our work, we do not discuss large-scale
muscle skeletal muscle

skeletal regeneration  or
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degeneration, muscular fibers fragmentation and necrosis,
which is accompanied by changes in the muscular fiber
shape, color and fibrosis (Fig. 1A). What we do discuss is
spontaneous muscular fiber splitting. Usually there is one
hypertrophic muscular fiber (Fig. 1C), which undergoes
splitting, but also one miniature splitting muscle fiber that
1D). Alternatively, the
finding resembling an individual regenerating muscle

is occasionally visible (Fig.

fiber, which are histologically characterized by the
presence of prominent cells, rows of internal myoblast
nuclei and cytoplasmic basophilia (Nonneoplastic Lesion
Atlas 2014). Figure 1E documents a row of internal
vesiculated nuclei in regenerating muscle fibers. In
accordance to Nonneoplastic Lesion Atlas (2014), which
is a guide for standardizing terminology in toxicological
pathology for rodents, they tend to retain their internal
nuclei for some time, and this can serve as a marker for
fibers that had previously undergone regeneration.
Figure 1B documents muscular fibers with centrally
localized nuclei. We are aware that the full view can be
influenced by sampling and processing. Despite this, we

believe that splitting muscle fiber are visible also near
muscular spindles (Fig. 1F). This is our personal opinion,
and we hope that our future work will shed more light on
this issue. All the sampling materials, including sampling
strategy, etc. strictly need to follow protocol. If we would
like to make changes, it is only possible with additionally
sampled material. Formol-parafin techniques in skeletal
muscle histology often cause several artifacts and in order
to minimize them, serial sections are requested. Our
previous studies, and other external studies, dealing with
skeletal muscles have utilized another fixative and
alternative procedures, including additional staining for
skeletal muscle evaluation. Certain changes in skeletal
muscle fixation, sample processing and additional
staining in mice phenotyping have been suggested several
times by us. If clinics show signs of a musculoskeletal
system disorder, or there are suspected changes in
skeletal muscles, sampling from several muscle groups
are always suggested. In addition, transversally oriented

sections are recommended, so that the muscle fibers are

visible in cross-section.

Fig. 1. Selected histological figures with description in the text. Legend: A, B, C, D, E, F: HE: 400x, scale bar: 50 pm.

It is a generally accepted opinion that a set of
histochemical and immunohistochemical stainings will
distinguish particular cells and tissues within samples and
to increase the accuracy of final diagnoses (Makovicky
and Svecové 2016). Today in Veterinary Pathology, most
diagnoses are completed from hematoxylin-eosin staining

(Makovicky 2015). Although our laboratory has a wider
spectrum of additional special staining, it is possible to
perform this appropriate staining only on a limited set of
skeletal muscle samples. In our future work, a smaller
sample number will be described with the appropriate
additional staining. This approach is ongoing, especially
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in individual external studies. Myology is a separate field
which requires its own laboratory and staff. Worldwide,
there are several Veterinary Pathology laboratories with
varying facilities. Most histological consultations or
second reading are realized from hematoxylin-eosin
staining. Here, it is not surprising that we can encounter
many different interpretations on the same sample.
Sample turnover requirements for evaluation exceed the
time interval to receive results even in common
veterinary biopsy practice.

Finally, we would like to thank Varga and

appreciate criticism. Everyone who shows a serious
interest is welcomed to do so, and we are ready to
cooperate within our capabilities to consult our findings.
The value of our results has not decreased. It is only
another view that has raised several questions, which can
be expanded in future works concerning muscular fiber
splitting. The common objective of research is to discuss
the relevant topic and express different views of
acommon problem. In this way, cooperation between
several specialists will be imperative to bring excellent
results in the future, not only in skeletal muscle research.

coworkers for their Letter to the Editor, as we do also
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