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Histopathological Study of Experimentally Crushed Skeletal 
Muscle’s Regeneration in Adult Albino Rats
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Ab s t r Ac t
Aim: This study aims to explain all the events of skeletal muscle repair and regeneration with the help of suitable histophathlogical 
photomicrographs taken from crush-injured adult albino rat’s gluteus maximus muscle. Materials and Methods: The present study is 
part of our previous research study related to skeletal muscle repair and regeneration in crush injured gluteus maximus muscle of adult 
albino rats. The samples were processed for histopathological examination using routine and special histological staining procedures. The 
tissue samples were examined under trinocular microscope, and the fields showing interesting findings were recorded under different 
magnification. Results: In this study we observed all regenerative changes in myofibers and related structures after crushed injury. 
Conclusion: Histopathological studies with good stainings are helpful for the easy identification of minute changes that  occurs in each 
stages of skeletal muscle regeneration.
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In t r o d u c t I o n

In human and animals, the skeletal muscle is most abundant 
and widely distributed tissue and has innate capacity to repair 
and regenerate after injuries. Skeletal muscle is made up of 
multinucleated myofibers. The adult muscle stem cells are the 
satellite cells which are located in between sarcolemma and basal 
lamina.[1] Regenerative capacity of the satellite cells are essential 
in muscle repair after injury. The skeletal muscle regeneration 
occurs spontaneously in case of minor injuries whereas severe 
injuries alter the muscle healing which leads to fibrotic tissue 
formation.[2]

Frequently facing challenges with respect to skeletal muscle 
injuries are encountered in sports, accidents and during many 
surgical procedures. In sports injuries, the muscle damage occurs 
at myofibers level.[3] In mouse, rat and human, the overall dynamics 
of the muscle healing phases are quite similar.[4]

Many special histological staining methods are available 
to visualize and identify the connective tissue fibers. Some 
authors[5,6] reported that for the study of collagen fibers, the most 
powerful method is the picrosirius red staining procedure. In this 
study, we try to reveal good stainings which help to explain the 
fiber components of the extracellular matrix (ECM) and changes 
that occur in each stages of regeneration.

MAt e r I A l s A n d Me t h o d s

This study was part of another research study conducted in the 
Department of Anatomy, Jawaharlal Nehru Medical College, 
Aligarh Muslim University, Aligarh, Uttar Pradesh, India. Number of 
samples, method of surgical procedure, and sample preparations 
are described in our previous studies.[7-9]

For histopathological examinations, the routine 
(Hematoxylin and Eosin) and special histological staining 
procedures such as Masson’s Trichrome (MT), PicroSirius Red 
with Fast Green (PSRFG), and Aldehyde Fuchsin with Fast 
Green (AFFG) were used. Photomicrographs with relevant 
findings were taken at different magnification under Trinocular 
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microscope (Olympus, BX40; Japan) by a digital camera (Sony 
18.2 MP, Japan).[7-9]

re s u lts
The observed microscopic changes in different phases of muscle 
repair process noticed in the present study were as under:

Degeneration
It was represented by hypertrophied and hypereosinophilic 
myofibers, degenerated myofibers with multinucleated giant 
cells, undulated sarcolemma, necrotic fibers with mineralization, 
swollen, vacuolated, hyalinized and fragmented myofibers and 
hemorrhages [Figure 1].

Inflammation
The observed inflammatory changes were in the form of infiltration 
of inflammatory cells [Figure 1] and fatty depositions were seen in 
connective tissue coverings [Figure 1].

Regeneration
In the longitudinal sections of myofibers, the regeneration was 
characterized by the presence of activated satellite cells that 
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differentiated into myoblasts with row of vesiculated nuclei in 
the center of regenerating fibers and the movement of centrally 
placed myonuclei to the periphery in recently regenerated 
myofibers [Figure 2]. In the transverse sections of myofibers with 
centrally placed nuclei, movements of these nuclei from center 
toward periphery [Figure 3] and split fibers [Figures 3 and 4] were 
also noticed.

Remodeling
The main features of remodeling observed were as follows:

Connective tissue remodeling
All connective tissue coverings contain both collagen [Figure  5] 
and elastin fibers [Figure 6].

Figure 1: Representative images of longitudinal sections. (a) DF: Degenerative fibers, MNGC: MultiNucleated Giant Cell. (b) NF: Necrotic fibers, 
M: Mineralization. (c) US: Undulated sarcolemma, H: Hemorrhages. (d) HTHE: Hypertrophied and hyperesonophilic fibers, FD: Fatty Depositions. 
(e)V:Vacoules, Hy: Hyalinization, IC: Inflammatory cells. Stain: Hematoxylin and Eosin. Initial magnifications of all images except image (b) are at 

×400 and b is at ×200

a

b c e

d

Figure 2: Representative images of longitudinal sections. ASC: Activated satellite cells, MB: Myoblast, MB→MF: Myoblasts fused to 
form myofiber, : Row of vesiculated myoblasts’ nuclei in the center of regenerating fiber, C→P: movement of myonuclei from center 
toward periphery, RRM: Recently, regenerated myofibers. Images- Hematoxylin and Eosin stained section (a) and PicroSirius Red with 

Fast green stained section (e) at ×1000 of magnifications and (b,c and d) Hematoxylin and Eosin stained sections at ×400 of initial 
magnifications
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Neovascularization
Numerous newly formed blood capillaries were found in 
all connective tissue coverings and also in relation with the 
regenerated myofibers [Figures 4 and 5].

Maturation/Functional Repair
Functional repair and maturation of newly regenerated 
myofibers were marked by the presence of regenerated nerve 
bundles specially in their epimysial connective tissue coverings 
[Figures 4 and 5].

dI s c u s s I o n
Skeletal muscle regeneration events occur in five sequential, 
overlapping and time-dependent phases such as degeneration, 
inflammation, regeneration, remodeling, and maturation/
functional repair.[4,10] Muscle regeneration process starts in the 
1st week by the activation and differentiation of satellite cells and 
maturation of the myofibers.[11] The activated satellite cells is an 
integral part of repair and regeneration process.[12] The activated 
satellite cells can proliferate and differentiate into myoblasts which 
replace the damaged fibers and also give additional myonuclei to 
their parent myofiber.[13] The initial stage is the muscle degeneration 
which occurs within the first few hours after injury. The changes 
in this stages are cell necrosis, disruption of the myofibers, 
sarcolemma, hematoma formation, and debris clearance.[14-16] In 
necrosis, the features in the enlarged myofibers are altered internal 
architecture, altered plasamalemma permeability, uncontrolled 
influx of calcium ions, and an increased number of mononucleated 
cells.[4,10,13] The degeneration features were histologically identified 
as necrotic fibers with mineralization, disrupted and undulated 
sarcolemma, hypertrophied and hypereosinophilic myofibers, 
hemorrhages, swollen, vacuolated, hyalinized and fragmented 
myofibers [Figure 1].

At certain levels, the coordinated activity of inflammatory 
cells, resident myogenic and non-myogenic stem cells and 
connective tissue fibroblasts also help in muscle repair after 
damage.[11,16-18] However, chronic inflammatory response always 
interfere the regeneration process by inhibiting the physiological 
activity of stem cells.[10] In this histopathological study, the routine 
staining method reveal the presence of inflammatory cells mainly 
the macrophages [Figure 1].

The adipokines secreted by the adipose tissues are said to 
attract the macrophages to the injured area,[19] these cells help in 
the removal of debris and activate the satellite cells.[20,21] Absence 
or alteration of the macrophages’ response leads to the adipose 
tissue deposition within the muscle.[22] In this present study, 
adipose tissue deposition was noticed within all connective tissue 
coverings [Figure 1].

Figure 3: Representative images of transverse sections (1, 2, 3, 4 
and 5) showing the different position of myonuclei from center to 

periphery, SF: Split fibers. Stain: Hematoxylin and Eosin at initial 
magnification ×400

Figure 4: Representative images of longitudinal sections (a,b, c and e). Representative image of transverse section (d). RRM: Recently 
Regenerated Myofibers, BC: Blood Capillaries, N: Nerve bundle, SF: Split fibers. Stains: images a and e- Masson’s Trichrome, images (b, c and d) 

Hematoxylin and Eosin. Initial magnifications- images A, c and e at ×400, B at ×100 and D at ×200
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myopathy.[18] In general, the fibrotic response is beneficial during 
the initial stages of muscle regeneration because it stabilizes the 
tissues, gives support and strength and provide protection to the 
injured site. However, the excessive and persistent fibrin deposition 
within the injured area often leads to heavy scarring and creates 
hindrance in the normal muscular functions.[2,10,18] In this present 
study, collagen fibers’ [Figure 5] depositions were well identified by 
Picrosirius red with fast green staining. The elastin fibers [Figure 6] 
were noticed using Aldehyde fuschin with fast green staining.

In addition, during muscle repair process, both the 
angiogenesis and myogenesis occur simultaneously. At the 
injury site, the blood vessels are ruptured that leads to the tissue 
hypoxia.[15] Therefore, increased muscle capillarity is essential 
to improve blood-tissue exchange properties and that helps to 
maintain the tissue remodeling.[29] Newly formed blood capillaries 
at the injured site is essential for the growth and maturation of 
the regenerating myofibers.[11,18] In routine and special histological 
stainings, numerous newly formed blood capillaries were observed 
in relation to regenerating myofibers [Figures 4 and 5].

The regenerated myofibers attain the maturity and functional 
recovery only after successful reinnervation. Nerve supply can 
also directly influence protein turnover and gene expression 
within multinucleated regenerating myotubes and indirectly 
influence the proliferation and differentiation of satellite cells.[30-32] 
Reinnervation first begins in the surrounding area of injured site 
and then it grows toward the newly formed myofibers.[11] In this 
study, special histological staining methods also proved helpful 
for identification of reinnervation in relation to regenerating 
myofibers [Figures 4 and 5].

co n c lu s I o n
Muscle injuries commonly occur during various accidents, 
sports and as a result of surgical procedures. The special staining 
procedures are useful for the identification of changes that occurs 
in regeneration process. Especially, collagen fibers deposition in 
the extra cellular matrix can be easily distinguished by PicroSirius 
Red with Fast Green staining and elastin fibers by Aldehyde 
Fuchsin with Fast Green staining.
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Some newly regenerating myofibers revealed split, which is 
considered to be due to the incomplete fusion of regenerating 
fibers within the same basal lamina [Figures  3 and 4].[23,24] The 
presence of centrally nucleated regenerating myofibers indicated 
the fusion-mediated muscle regeneration process.[25] The 
peripheralization of nuclei in myofibers indicated the formation 
and maturation of new myofibers[4,26] which can be seen in many 
photomicrographs [Figures 2 and 3]. Thus, in this histopathological 
study, all characteristic features of myofibers regeneration process 
and different stages of satellite cells were observed.

Connective tissues in the ECM is a fundamental requirements 
for myoblast migration and fusion.[27] The stromal fibroblasts and 
myoblasts produce the ECM and collagen fibers. This ECM contains 
elastin, laminin, fibronectin and proteoglycans.[22,28] Appropriate 
deposition of components of ECM is essential for successful 
muscle regeneration and loss of its any components can lead to 

Figure 5: a: Representative image of longitudinal section,  
b: Representative image of transverse section. BV: Blood Vessels,  

N: Nerve bundle C: Collagen fibers (red color). Stain: PicroSirius Red 
with Fast green. Images: (a) initial magnification at ×100 and (b) at 

×200 of magnification

a b

Figure 6: a: Representative image of longitudinal sections, 
b: Representative image of transverse section. E: Elastin Fibers (violet 

color). Stain: Aldehyde Fuchsin with Fast green. Images: (a) initial 
magnification at ×400 and (b) at ×200 of magnification
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