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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.  
 
Key words 
Myopathology • Skeletal muscle fiber • Regeneration • Skeletal 
muscles  
 
Corresponding author 
Peter Makovický, Czech Centre for Phenogenomics, Institute of 
Molecular Genetic of the Czech Academy of Sciences, Průmyslová 
595, 252 50 Vestec, Czech Republic. E-mail: 
peter.makovicky@img.cas.cz  
 
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). Today skeletal muscle 
regeneration is studied at a high level including injury, 
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 
regeneration (Antonio and Gonyea 1994). Most 
experiments are now carried out on rodents, due to their 
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 C57BL/6N genetic 
background with support mice derived from C57BL/6NJ, 
C57BL/6NTac, or C57BL/6NCrl. All phenotyping 
centers across the world follow standards and generate 
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 C57BL/6NCrl mice were 
investigated and histologically 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., 
Prague, Czech Republic) and a dosing device. 
Subsequently, they were euthanized and skeletal muscles 
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 
automated staining station SYMPHONY system 
(Ventana Medical Systems, Inc. Tuscon, Arizona, USA).  
 
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 A1 (Zeiss, Munchen, Germany) at 
magnifications 50x, 100x, 200x and 400x (Zeiss, 
Munchen, Germany). The slides were also evaluated 
using AxioScan.Z1 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 
miniature capillaries are visible. No significant 
differences in the average percentage of skeletal muscular 
fiber regeneration, average percentage of hypertrophic 
skeletal muscular fibers and finally the average 
percentage of splitting skeletal muscular fibers were 
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  

 
Skeletal muscle tissue damage and the following 

repair or regeneration are today intensively studied from 
many different views with high clinical importance. The 

regeneration of skeletal muscle fibers in skeletal muscles 
can occur in two ways; the origin of new skeletal muscle 
fibers derived from undifferentiated cells or 
autoregeneration of existing skeletal muscle fibers. 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 
a common 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 
in skeletal muscular fibers, including tissue 
responsiveness to internal and external 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 
in individual animal species (Brown 2000). By 
comparing our findings and conclusions with data in the 
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 
splitting of skeletal muscle fibers are related to 
hypertrophic or even giant skeletal muscle fibers (Fazarin 
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 et 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 et 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 

hypertrophic skeletal muscle fibers. It is well known that 
excessive muscular effort can lead to rhabdomyolysis and 
thus to the spectrum of degenerative changes in skeletal 
muscle fibers. The projected patterns of splitting 
hypertrophic skeletal muscle fibers could therefore 
respond to decaying skeletal muscle fibers. Microscopic 
changes here represent a continuum whose end stage is 
the removal of necrotic skeletal muscle fibers by 
phagocytosis.  
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