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Abstract 

Gain in bone mass is facilitated by physical exercise through adaptive 

responses of the musculoskeletal system. Specific types of physical exercise can 

increase muscle and bone strength, body coordination, and balance. More importantly 

it leads to measurable fracture risk reduction in humans. Zebrafish have been found to 

represent an advantageous model to study bone as well as muscle modeling and 

mechanical adaptations in response to physical exercise during early developmental 

stages. To test the hypothesis that musculoskeletal exercise causes bone and muscle 

adaptation in adult zebrafish, and to characterize those adaptations, zebrafish were 

subjected to increased physical exercise for four weeks in a swim tunnel experiment 

and compared to a non-exercise group. 

The goal of this study is to quantify the cellular, compositional and structural 

adaptations of the musculoskeletal system of zebrafish. Four weeks of physical 

exercise promoted bone adaptations with increased numbers of osteoblast and 

osteoblast related parameters, including number of osteoblasts per bone perimeter 

(N.Ob/B.Pm), and osteoblast surface per bone surface (Ob.s/BS) in the exercise 

group. However, decreased osteoid thickness (O.Th) and osteoid surface per bone 

surface (OS/BS) were detected in exercised group. The bone volume per total volume 

(BV/TV) and the number of osteocyte per bone area (N.Ot/B.Ar) were higher in the 

exercise group compared to the control group. Regarding muscle adaptations, higher 

numbers of muscle fibers and centrally nucleated muscle fibers were found in the 

exercise group. However, the size of muscle fibers was much smaller in the exercise 

group.  

The results of this study provide new information on the influence of physical 

exercise on the musculoskeletal system of zebrafish, which is an important animal 

model in the field of musculoskeletal research. 
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1 Introduction: The musculoskeletal system 

Muscle and bone are inextricably associated by common genes regulating body 

size, by their physical connection, and by a shared mechanical loading environment 

[1]. It is assumed that increased muscle mass and strength result in a corresponding 

increase in bone mass and strength [2] [3], and that both tissues grow proportionally 

to each other, because bone is biomechanically linked to muscle [4]. Muscles become 

larger and stronger in response to increased exercise, while bone adapts to increased 

forces imparted by muscles during exercise via adding size, mass, and strength [5]. 

Muscle force is a strong determinant of bone mass and strength. Bone is adapted to 

the tissue strain due to biomechanical forces. This process is modified by hormonal 

signals, such as estrogens and androgens [6]. The intimate relationship between bone 

and muscle propose the question that a quantitative expression describing the 

relationship between muscle force and bone mass could be a useful functional unit [3]. 

According to this consideration, the functional “muscle - bone unit” was introduced to 

the literature [7] [8] [9]. Consequently, as muscles become larger and stronger in 

response to increased loading or exercise [10], the concept of a functional “muscle - 

bone unit” is supported by the biomechanical link between muscle and bone, in which 

changes in muscle mass and strength should also affect bone mass, size, and strength 

predictably and correspondingly [3] [11]. 

This chapter first gives an introduction into function and composition of bone 

tissue with focus on mechanosensitivity, secondly into the function and composition of 

muscle with focus on muscle adaptations, and thirdly it provides the aim of this thesis. 

1.1 Endoskeletal bone  

Bone has diverse mechanical, biological, and chemical functions, such as 

structural support of the body, protection of internal organs, production of growth 

factors. Further bone plays a central role in the maintenance of mineral homeostasis 

[14]. The mechanical environment plays an important role in the regulation of bone 

remodeling in intact bone and of modeling during bone repair [12]. Bone cells are 

capable of sensing and responding to mechanical forces, which is referred to as 
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mechanosensitivity. Various mechanical stimuli revealed different effects on bone 

cells, because loading and the involvement of numerous signals are sensed and 

transduced [12]. 

1.1.1 Bone mechanosensitivity 

Vertebrate bone is a metabolically active tissue and bone mass is balanced 

through the activity of osseous cells called osteoblasts, i.e. bone-forming cells, and 

osteoclasts, i.e. bone resorbing cells [13]. Cells of a third type called osteocytes are 

former osteoblasts that became entrapped inside the bone matrix [15]. In humans, they 

are the most abundant bone cell and represent approximately 90–95% of all osseous 

cells in the adult skeleton [16]. Osteocytes are found in cavities in the bone matrix 

called lacunae and are separated from direct contact with the mineralized bone matrix 

by a thin layer of unmineralized tissue [17] [18]. It has been demonstrated that 

osteocytes act as mechanosensors of bone. They are thought to be mechanosensory 

cells which coordinate the activity of osteoblasts and osteoclasts in bone repair and 

bone renewal by detecting mechanical stimulation and organizing signal transmission 

between bone cells [18] [19] (Figure 1). Bone modeling / remodeling and mineral 

homeostasis are regulated by osteocytes in response to shear or strain forces [20]-[22] 

under hormonal, neural, immunological, and mechanical control [23]. 

 
Figure 1: (a) Schematic showing osteoblasts, osteoid, osteoclasts and osteocytes. Bone tissue is 
continuously remodeled through the actions of bone cells, which include bone resorption by osteoclasts 
and bone formation by osteoblasts. Osteocytes work as mechanosensors and orchestrators of the bone 
remodeling process. Osteoblasts dominate the process of forming bone tissue by secreting the osteoid 
which is the unmineralized, organic portion of the bone matrix ((a) is from [24]). (b) Toluidine blue 
staining trabeculae of human spongy bone ((b) is from [25]). (c) Toluidine blue staining vertebrate bone 
of zebrafish. Osteocytes are embedded in the calcified bone matrix.  
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1.1.2 Mechanical loading and bone modeling 

Mechanical loading is a key factor in the differentiation of cells and tissues, it 

engages in differentiation and morphogenesis from the level of individual cells to whole 

organism patterning [26]. It also plays an important role in the development and 

maintenance of vertebrate tissues [27] [28]. Especially in muscle, bone, and other 

connective tissues, mechanical loading is considered to modulate the genetically 

determined tissue and body architecture [29]. Mechanical loading is also playing a 

fundamental role in bone health, and reduced mechanical loading is associated with 

bone loss [30]. Mechanical loading in bone is transformed through osteocytes which 

sense and transform the mechanical stimulus into biological signals. The structure of 

the lacunar-canalicular network determines the interconnectivity of osteocytes and 

thus their capability to sense mechanical loading and send biological signals to 

regulate bone remodeling regarding both bone resorption and formation [17] [31]. Bone 

remodeling aims to repair fatigue damage, to prevent excessive aging of bone material, 

and its consequences [32].  

Skeletal aging is associated with a decrease in osteoblast activity and an 

increase in osteoclast activity [35] which leads to an imbalance between bone 

resorption and bone formation. Furthermore, aging causes common skeletal diseases 

like osteoporosis by reducing the amount of bone tissue. Aging was associated with a 

lower loading-induced increase in osteoblast number on the periosteal surface [36]. 

Bone loss is also linked to reduced osteoblast and impaired osteocyte functions. 

Physical exercise, which is the main method to improve bone strength and maintain 

bone mass later in life, has been recommended as a preventive and therapeutic 

strategy against aging-induced bone weakness and associated fractures [37]. Loading 

increases trabecular thickness and the number of trabecular connections [36]. Bone 

modeling contributes to skeletal growth and is activated in response to excessive 

loading of bone, leading to bone formation [33]. To investigate the role of mechanical 

loading on skeletal tissue, several different ways could be considered. Endurance 

training is considered one of the common and effective ways to impose increased 

mechanical loading [34]. In this context, fish have several advantages over mammalian 

models. For example, fish could control buoyancy by altering their swim bladder and 

the influence of gravitational forces are relatively limited compared to terrestrial 
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animals [34]. As a consequence, the forces generated by the fish and the reactions of 

the surrounding medium can directly arise the main loads on the tissue. Moreover, fish 

have relatively simple locomotory musculature [34]. Particularly zebrafish offer several 

advantages over mammalian models to investigate the effects of increased mechanical 

load on development of muscle and bone [38]. 

1.2 Skeletal muscle  

Skeletal muscle is one of the most dynamic tissues of the human body with 

remarkable adaptive capabilities, comprising approximately 40 % of total body weight 

and 50–75 % of all body proteins [39]. The main functions of skeletal muscle are the 

control of movement and posture and to influence the whole body’s energy 

metabolism.  

1.2.1 Muscle fiber types 

Skeletal muscle is mainly composed of myocytes, adipocytes, and fibroblasts 

[40] (Figure 2). Myocytes also referred to as myofibers (muscle fibers) which are 

multinucleated and post-mitotic. Muscle function is characterized by muscle structure 

and by the composition of different fiber types. Muscle fibers can be assigned to 

different fiber types, with characteristic movement rates, response to neural inputs, and 

metabolic styles [41] [42]. Specific fiber types are a feature of vertebrate muscle; for 

example, adult mouse and fish musculature indicates a gradation of myosins [43] [44], 

patterns of innervation [45], metabolic activity [46] [47], and many other distinguishing 

characteristics [41] [42] [48].  
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Figure 2: (a) H&E staining of human skeletal muscle fibers ((a) is from [49]). Both longitudinally and 
transversely cut muscle fibers are present. (b) H&E staining of muscle fibers in zebrafish cross-sectional 
view. As the picture shows skeletal muscle is mainly composed of myocytes that develop from 
myoblasts. Myocytes are multinuclear, post-mitotic cells. (c) Longitudinal section of muscle fibers in 
zebrafish. Skeletal muscle fibers (individual cells) are long and cylindrical cells, with multiple nuclei that 
are located on the perimeter of the fibers. Myoblasts differentiate, align and fuse together to make longer, 
multinucleated tubes called myotubes. New muscle fibers are proliferated and produced from satellite 
cells following muscle injury. 

Skeletal muscle fibers are classified as "slow-twitch" (type 1) and "fast-twitch" 

(type 2), according to differential gene expression of myosin heavy chain (MYH) and 

metabolic activity, and there is further classification of fast-twitch fibers into three major 

subtypes, including types 2A, 2X, and 2B [50] [51] (Figure 3). Skeletal muscle fibers 

also differ in energy production. Type 1 and 2A fibers primarily make use of oxidative 

metabolism, while type 2X and 2B fibers primarily rely on glycolytic metabolism [51]. 

The fast-twitch fibers take a shorter time to reach peak force and can generate higher 

amounts of force, but they are quicker to fatigue when compared to slow-twitch fibers. 

The structure of skeletal muscle is determined by a well-described arrangement of 

muscle fibers and associated connective tissue [39]. The number, size and type of 

individual muscle fibers determine the size and strength of muscle, however, 

pathological infiltration by fat and connective tissue may change this relationship [52] 

[53].  
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Figure 3: Skeletal muscle fiber types. (a) Section of human muscle, which shows fiber types have been 
differentiated using ATPase staining after pre‐incubation at pH 4.6. (b) Illustration showing healthy 
muscle fibers. Connective tissue (green) and muscle fiber nuclei (orange) are shown. Different fiber 
types, including type 1 (red), type 2A (pink), and type 2X (light blue), can be intermingled within a single 
mammalian muscle. (c) Particular muscle groups can also be enriched for slow (Soleus) or fast (EDL: 
extensor digitorus longus) muscle fibers. In mouse, an additional fast fiber type, 2B (dark blue), is 
present. (d) In zebrafish trunk musculature, different fiber types are segregated, with the slowest fibers 
discovered laterally, and fast fibers discovered medially. (e) Crucial properties of fiber types, with the 
color code highlighting the graded shift from slow to fastest fibers. Muscle fibers types are defined by 
their myosin heavy chain (MYH) expression. There are also many other factors which can distinguish 
fiber types. For example, metabolic programs also contribute to muscle fiber phenotype. Figure 3 is from 
[51]. 

1.2.2 Physical exercise and muscle adaptation 

Physical exercise provides multiple beneficial effects upon skeletal muscle [54] 

and strong beneficial effects on health by modifying metabolic potential, morphology, 

and physiology of skeletal muscle [54] [55]. Adult skeletal muscle regenerates after 

exercise, muscle injury, or degeneration [56]. Moreover, physical exercise causes 

various muscle adaptations and regenerative responses, which include most 

importantly the modification of the size, structure, number, and type of muscle fibers 

[57]. The function of muscle fibers is also influenced by changing their structure and 

metabolism and contributing to release of growth factors and some signaling molecules 



 

 
7 

 
 

[58]. Many growth factors are generated in injured skeletal muscle and influence its 

regeneration process [59].  

Physical exercise influences the growth of muscle in several ways. Firstly, it 

modifies the number of muscle fibers which takes place by splitting of myofibrils. 

Secondly, it modifies the diameter of muscle fibers. Thirdly, it modifies fiber length [60]. 

Growth of muscle takes place by hypertrophy of the existing muscle fibers through 

adding new myofibrils or by adding new sarcomeres to the ends of the existing muscle 

fibers to increase their length [60].  

Regarding the modification of the number of fibers in response to exercise, it 

was shown that exercise caused muscle damage [61]. This damage activates the 

process of muscle repair in terms of activating satellite cells towards the regeneration 

of muscle fibers. Indeed, satellite cells play an important role in the regeneration and 

growth of muscle fibers. They are located on the external surface of muscle fibers and 

closely related to muscle fibers [62]. The satellite cells start replicating during the repair 

of injured muscle fibers and during the growth of muscle fibers. The quiescent satellite 

cells are activated by e.g. increased physical exercise, muscle fiber injury and 

increased muscle tension (Figure 4). During this process skeletal muscle becomes 

more responsive to training and regeneration. Literature indicates that the number of 

satellite cells increases in response to short- [63] [64] and long-term [65] [66] [67] 

resistance training. Additionally, some studies showed that there are increased 

numbers of satellite cells accumulated in the muscle tissue of power lifters [68]. 

Regarding the modification of the number of fibers, endurance exercise, for example 

swimming or running, gradually causes a transformation of type II B fibers into type II 

A fibers. The transformed muscle fibers show changes in diameter, mitochondria, 

blood capillaries and strength [69]. Although endurance exercise does not contribute 

to muscle mass [70], it can result in adaptations of the cardiovascular and respiratory 

system, which in turn may cause skeletal muscle to receive better supplies of oxygen 

and carbohydrates [71].   
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Figure 4: Satellite cells are muscle-resident stem cells and they are located underneath the basal 
laminae of myofibers, however, they are normally quiescent. In response to muscle injury, the quiescent 
satellite cell is activated, starts to proliferate as myoblasts, fuses and differentiates into myotubes which 
will grow replacing damaged muscle. Satellite cells happen self-renewal and proliferate to generate 
myoblasts which fuse and form newly regenerated myofibers (characterized by centrally nucleated 
fibers). This figure is from [72]. 

Another indicator for newly regenerated muscle fibers during muscle 

regeneration are centrally nucleated fibers (CNFs), where the myofibers have nuclei in 

the center of the cytoplasm [73] [74]. Muscle histology is one standard approach to 

analyze muscle function. H&E staining can be used for the morphological analyses 

and provide parameters including size, number and diameter of myofiber, the amount 

of centrally nucleated muscle fibers, the presence of degenerated and regenerated 

myofibers, and adipocytes and fibrotic cells. 

1.3 Motivation and Aim of this study 

Zebrafish (Danio rerio) are widely accepted as a vertebrate model for genetics, 

physiology, development, reproduction, disease (immunology, toxicology, oncology) 

and aging [75] - [79]. There are several advantages for biological studies of zebrafish 

compared to classical animal models such as rats and mice, including a shorter 

generation time, smaller body size and higher housing capabilities. 

The aim of this study is to test the hypothesis that musculoskeletal exercise 

causes adaptation of the muscle-bone unit in adult zebrafish. To characterize possible 

adaptations of the vertebral muscle-bone unit in the zebrafish spine, this study 

quantifies the cellular, morphological and structural adaptations of musculoskeletal 

tissue of zebrafish which underwent increased physical exercise for four weeks in a 

swim tunnel experiment.  
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2 Materials and Methods 

To study the increased musculoskeletal loading in zebrafish, a musculoskeletal 

exercise regimen was designed and histomorphometric parameters were assessed.  

2.1 Animal model 

The study was performed in mixed sex adult zebrafish (Figure 5). Twelve 

zebrafish at an age of 4.5 months were used for the experiment. All zebrafish were 

raised under the standardized conditions before the experiment according to Jarolim 

and Lieschke et al. [69] [79]. Animal experiments obtained the approval of the 

institutional review board and were performed according to ethical guidelines of local 

committees of Hamburg (No.42/16). 

 
Figure 5: Experimental animal model. Four and a half months-old zebrafish were used in this study and 
randomly divided into a control group and a physical exercise group. All zebrafish were raised under the 
same standardized conditions [80]. 

The zebrafish were randomly divided into a control group and a physical 

exercise group (n=6 per group). Each group was accommodated in a 60 l water tank 

with a constant temperature (26°C), water hardness (6-12°dH), pH (7.4), nitrite (<0.3 

mg/L) and nitrate (25-100 mg/L) levels. Flake food (Tetramin Tropical Flakes Fish 

Food, Tetra SpectrumBrands, Blacksburg, STATE USA) was given twice a day. 

Photoperiod was kept at a 14 h light/10 h dark cycle [81].  

2.2 Experimental design  

To exercise the zebrafish we used a custom-built swimming tunnel within a 70 l 

water tank (Figure 6a). A swimming chamber producing a laminar flow was used to 
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encourage the fish to swim at defined velocities as described in a previous study [70]. 

Fish from the study group were exercised five days per week for four weeks, where 

they swam against a flow with a velocity of 12 cm/s (Figure 6b). Any direct illumination 

of the experimental set-up was avoided to reduce visual disturbances that could affect 

swimming during the test period. Increasing exercise periods were applied from 4 h in 

the first week, 5 h in the second and third week, to 6 h in the last week. In contrast, the 

control group stayed unexercised and with normal swimming behavior in the 60 l water 

tank during the 4 weeks of the experiment (Table 1). 

 
Figure 6: Experimental design. (a) A swimming tunnel was used to perform the exercise. The picture 
shows the swimming tunnel within a water tank, with a laminar flow that encourages fish to swim at a 
defined velocity. (b) The exercise group performed increased physical exercise, i.e. swam at a velocity 
of 12 cm/s for 4 h per day in the first week, 5 h per day in the second and third week and 6 hours per 
day in the last week, as detailed in Table 1. The zebrafish in the control group stayed unexercised with 
normal swimming behavior in the water tank. All other conditions were the same, such as water 
temperature, water hardness, pH, nitrite and nitrate levels, fish food, as well as photoperiod.  

Table 1: Physical exercise regime in the groups. Outline of increased physical exercise regime in the 
exercise group. 

 Week 1 Week 2 Week 3 Week 4 

Control 0h/day 0h/day 0h/day 0h/day 

Exercise 4h/day 5h/day 5h/day 6h/day 

 

Three days after the last training, an overdose of tricaine methane sulfonate was 

used to sacrifice the fish.  
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2.3 Measurement of macroscopic body changes 

The average body weight and body length was measured separately in the 

exercise group and the control group, to investigate whether possible macroscopic 

body changes occurred with exercise using a micro-scale and a caliper. 

2.4 Sample preparation 

The sacrificed zebrafish of the exercise group (n=6) and the control group (n=6) 

were randomly divided into two groups, respectively, for bone histomorphometry (n=3 

per group) and muscle histomorphometry analysis (n=3 per group). Sacrificed fish 

were prepared by the following steps. First, samples were step-wise dehydrated in an 

increasing series of alcohol solutions with 80%, 96%, 100% ethanol overnight 

(Autotechnikon, Enno Vieth Mikrotome GmbH, Wiesmoor, Germany). Samples were 

placed in infiltration solutions, in infiltration solution #1 for 24 h, in infiltration solution 

#2 for 5 days. Embedding media was composed of methyl methacrylate (MMA) 

solution and accelerating solution 2,4,6-Tris(dimethylaminomethyl)phenol (DMP). For 

preparation of 10 glass jars, 200ml MMA and 1ml DMP (using pipette) were mixed. 

Samples were transferred from infiltration to embedding media and embedded 

lengthwise for bone histology and transversally for muscle analysis (Figure. 7a, b). 

Polymerization took place in a fridge cooled to 4°C. To enable the analysis of bone and 

muscle histomorphometric parameters, samples were respectively cut longitudinally 

(Figure 7c) and transversally (Figure 7d) into 4µm thick sections. 

2.5 Staining 

         Masson-Goldner trichrome and Toluidine blue stainings were performed to 

analyze bone histomorphometry (Figure 7c). Hematoxylin and eosin stainings (H&E 

stain) were performed for muscle histomorphometry (Figure 7d, Appendix 1, 2, 3). 

Masson-Goldner trichrome is a three-color staining and used to visualize connective 

tissues, particularly collagen, in tissue sections. In a standard Masson's Trichrome 

procedure, collagen is stained blue, nuclei are stained dark brown, muscle tissue is 

stained red, and cytoplasm is stained pink. Toluidine blue is a basic thiazine 

metachromatic dye with high affinity for acidic tissue components. Toluidine blue is 

used in tissue sections with the aim to highlight components, such as mast cells 
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granules, mucins, and cartilage. Mastocytes and cartilage is stained purple, mucins is 

stained purple or red, nuclei is stained blue. Hematoxylin has a deep blue-purple color 

and stains nucleic acids. Eosin is pink and stains amino acids/proteins nonspecifically. 

In a typical tissue, nuclei are stained blue and extracellular matrix have varying degrees 

of pink staining. 

 

Figure 7: Different embedding and histomorphometry methods applied within this study. The picture 
illustrates that (a) a longitudinally embedded zebrafish and (b) a transversally embedded zebrafish. (c) 
Toluidine blue staining displays longitudinal bone histology. (d) Hematoxylin and eosin staining (H&E 
stain) display the cross section of muscle fibers. Longitudinal embedding was used for bone histology 
and transversal embedding was used for muscle histology. 

2.6 Musculoskeletal Histomorphometry 

          Bone and muscle histomorphometry were analyzed separately to test bone and 

muscle adaptation in adult zebrafish caused by musculoskeletal exercise.  
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2.6.1 Bone Histomorphometry 

The OsteoMeasure histomorphometry system (OsteoMetrics, Atlanta, GA, 

USA) was used to quantify the osteoid and osteoblast related parameters, including 

number of osteoblasts per bone perimeter (N.Ob/B.Pr, 1/mm), osteoblast surface per 

bone surface (OB/BS, %), osteoid surface per bone surface (OS/BS, %) and osteoid 

thickness (O.Th, µm). The Bone Volume over Total Volume (BV/TV) and the osteocyte 

number per bone area (N. Ot/B.Ar) were also assessed. Eight microscopic fields of 

each sample section were evaluated at 20-fold magnification. Related parameters 

were measured in Masson-Goldner trichrome and Toluidine blue stained sections. 

2.6.2 Muscle Histomorphometry  

Image J (Fiji) which is a public domain Java image processing and analysis 

program inspired by NIH Image, was used to conduct this analysis after taking high 

resolution images with the microscope. The muscle analysis focused on number of 

muscle fibers and muscle fiber size in a certain area. Muscle fiber regeneration was 

assessed by the percentage of muscle fibers containing central nuclei. Three different 

anatomical regions along the spine were chosen for the analysis (Figure 8). Each 

sample section was evaluated at 20-fold magnification. Hematoxylin and eosin staining 

(H&E stain) was performed for the muscle analysis (Figure 9). 

 

Figure 8: Comparing musculoskeletal differences between the caudal and the precaudal regions that 
responded to increased swimming exercise. The precaudal vertebral area, caudal vertebral area (a) and 
caudal vertebral area (b) were analysed regarding musculoskeletal differences after one month 
increased swimming exercise. 
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Figure 9:  Number of muscle fibers were quantified with Image J (Fiji). The diameter and number of 
muscle fibers are associated with muscle strength. This figure shows a cross section of muscle fibers, 
the yellow line is used to measure the area of each muscle fiber, and the black dots indicate the muscle 
fibers count.   

2.6.3 Statistical Analysis 

SPSS (Version 24, IBM, Armonk, NY, USA) was used for statistical analysis. 

Differences between control and exercise groups were compared by the student t-test. 

Statistical significance was defined as p<0.05. 
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3 Results 

The musculoskeletal exercise regime performed on the zebrafish resulted in no 

differences regarding the macroscopic morphology between the exercise and control 

group, but it showed clear alterations of bone and muscle tissue histomorphometry 

(Figure 10). Results are hereinafter described as mean ± standard deviation. 

 

 
Figure 10: Masson-Goldner trichrome staining of zebrafish vertebral column illustrates the inextricably 
close relationship between muscle and bone from structural analysis, which have strong physical 
connections and a shared loading environment. Physical exercise are assumed to cause adaptations in 
the biomechanical unit of muscle and bone, because both tissues interact mechanically and functionally. 

 

3.1 Macroscopic body changes 

The average body weight was slightly lower in the control group compared to 

the exercise group but did not reach significance. The control and exercise groups 

weighed 0.27 ± 0.03 g vs. 0.29 ± 0.06 g, respectively (p=0.67). The average body 

length of control and exercise group were 2.51± 0.38 cm vs. 2.41± 0.52 cm and, 

respectively, p=0.69 (Figure 11). There were no significant differences in body weight 

and body length between the control and exercise group. 
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Figure 11: Changes in the macroscopic body weight and size of the zebrafish. The graphs demonstrate 
average body weight and body length of the exercise and control groups. After physical exercise body 
weight and body length showed no significant differences between the two groups. 

3.2 Bone Histomorphometry 

The regions of interest for histomorphometric bone-related parameters within 

the muscle tissue of fish from the control and the exercise group are illustrated in Figure 

12. Morphological analysis of bone formation parameters showed that there was a 

significant difference regarding several parameters between the exercise group and 

the control group of adult zebrafish.  

 

Figure 12: Bone adaptations to swimming exercise in adult zebrafish. The intervertebral region between 
two adjacent vertebrae is shown on Masson-Goldner trichrome-stained sections in the control group (a) 
and in the exercise group (b). More osteoblasts and connective tissue were observed in the exercise 
group compared to control group. 

3.2.1 Osteoblast- and osteoid-related bone formation markers 

         Comparing the control group vs. the exercise group, the number of osteoblasts 

per bone perimeter (N.Ob/B.Pm) (6.77 ± 0.43 /mm vs. 9.98 ± 0.73 /mm, p<0.001) and 
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the osteoblast surface per bone surface (Ob.S/BS) (3.54 ± 0.30 % vs. 5.47 ± 0.52%, 

p<0.001) were significantly higher in the exercise group compared to the control group. 

In the exercise group, the N.Ob/B.Pm (9.93 ± 0.80/mm vs. 10.18 ± 0.51/mm, p=0.53) 

and the Ob.S/BS (5.57 ± 0.55 % vs. 5.11 ± 0.27%, p=0.07) were compared between 

the caudal and precaudal area, and there was no significant difference between them 

(Figure 12,13). 

 
Figure 13: Bone adaptation after swimming exercise in adult zebrafish. (a) Histomorphometryic analysis 
showed that osteoblast number/bone perimeter (N. Ob/B.Pm) was significantly higher in the exercise 
group. (b) Osteoblast surface/bone surface (Ob.S/B.S) was significantly higher in the exercise group. 
(c) (d) Comparing these two parameters between the Caudal vs. the Precaudal area in the exercise 
group, there were no significant difference. **p < 0.001. 

In addition to osteoblastic bone formation parameters, the amount of 

unmineralized bone matrix (osteoid) yielded differences between the groups. In the 

control group compared to the exercise group, the osteoid thickness (O.Th) (1.91 ± 

0.32 μm vs. 0.83 ± 0.18 μm, p < 0.001) and the osteoid surface per bone surface 

(OS/BS) (3.04 ± 0.26 % vs. 1.70 ± 0.42 %, p < 0.001) were significantly higher in the 

control group. In the exercise group the O.Th (0.82 ± 0.18 μm vs. 0.87 ± 0.17 μm, 

p=0.69) and the OS/BS (1.69 ± 0.41% vs. 1.71 ± 0.46%, p = 0.96) were compared 

between the caudal and precaudal area and there was no significant difference 

between them.  (Figure 14).  
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Figure 14: Bone adaptations to swimming exercise in adult zebrafish. The osteoid thickness (O.Th) (a) 
and the osteoid surface per bone surface (OS/BS) (b) were significantly lower in the exercise group. (c) 
(d) Comparing these two parameters between the Caudal vs. the Precaudal area in the exercise group, 
there were no significant difference. **p < 0.001. 

3.2.2 Tissue and osteocyte characteristics 

Comparing the control group and the exercise group regarding the bone volume 

over total volume (BV/TV) (16.8 ± 1.42 vs. 17.50 ± 1.92, p=0.33) and the osteocyte 

number/bone area (N.Ot/B.Ar) (159.60 ± 26.09 vs. 188.32 ± 37.00, p=0.01) higher 

values were observed in the exercise group. There was no significant difference in the 

BV/TV, however, there was significant difference in the N.Ot/B.Ar between the control 

and the exercise group. (Figure 15). 

 

 
Figure 15: Bone adaptations after swimming exercise in adult zebrafish. There was no significant 
difference in the bone volume over total volume (BV/TV) (a) and significant difference in the osteocyte 
number/bone area (N. Ot/B.Ar) (b) between the control and the exercise group. *p < 0.05. 
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3.3 Muscle Histomorphometry 

The regions of interest for histomorphometric muscle-related parameters within 

the muscle tissue of fish from the control and the exercise group is illustrated in Fig. 

16. As indicated in Fig. 10, the precaudal vertebral area and the caudal vertebral area 

(a) (b) were analyzed for muscle histomorphometry. The control group had a lower 

number of muscle fibers and a lower percentage of fibers containing central nuclei 

compared to the exercised fish, while in the control group the average size of the 

muscle fibers was found to be larger compared to the exercise group.  

 

Figure 16: Muscle adaptations to swimming exercise. There was a higher number of muscle fibers in 
the exercise group. The histological images show the muscle fiber cross sections from control group (a) 
and exercise group (b) stained by Hematoxylin and Eosin. A higher muscle fiber number per area was 
identified in the exercise group. 

 

Figure 17: Muscle adaptations to swimming exercise. Data is shown from one caudal section as an 
example, this diagram shows the distribution of number and size of muscle fibers in both exercise and 
control group. In the exercise group there was higher number of smaller sized muscle fibers compared 
to the control group. 
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3.3.1 Number of muscle fibers  

The skeletal muscle adaptation to swimming exercise resulted in a higher 

number of muscle fibers compared to non-exercised control fish. The control group 

displayed a significantly lower number of muscle fibers than the exercise group in both 

precaudal and caudal vertebral areas. The average number of muscle fibers was in 

the precaudal vertebral area (69.33 ± 5.44 vs. 186.89 ± 23.26, p=0.01), caudal 

vertebral area (a) (68 ± 4.95 vs. 181.22 ± 19.16, p= 0.009), caudal vertebral area (b) 

(67.22 ± 4.47 vs. 207.67 ± 23.81, p=0.009) respectively in control group vs. exercise 

group (Figure 17, 18). 

 
Figure 18: Muscle adaptations to swimming exercise. The graphs show quantification of the number of 
muscle fibers in the precaudal and the caudal vertebra muscle areas (a) and (b). There were significantly 
more muscle fibers in the exercise group than the control group in precaudal vertebral area (p=0.03), 
caudal vertebral area (a) (p= 0.02) and caudal vertebral area (b) (p=0.03). Graphs display the results of 
the three areas concerning the number of muscle fibers per area, *p < 0.05.  

3.3.2 Size of muscle fibers  

Analysis showed that in the exercise group the average size of the muscle fibers 

was significantly smaller compared to the control group in both precaudal and caudal 

vertebral areas (a) and (b) (Figure 19). The average size of the muscle fibers was for 

the precaudal vertebral area 1730.60 ± 165.871µm² vs. 670.94 ± 76.21µm², p=0.01, 

for the caudal vertebral area (a) 1802.70 ± 199.67µm² vs. 722.97 ± 119.19 µm², 

p=0.003, for the caudal vertebral area (b) 1746.87 ± 84.20µm² vs. 631.62 ± 110.65µm², 

p=0.002 in control group vs. exercise group, respectively (Figure 19). 
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Figure 19: Muscle adaptations to swimming exercise. Physical exercise causes changes in the cross-
sectional area of the muscle fibers. The graphs show that in all areas investigated the average size of 
muscle fibers is significantly smaller in the exercise group compared to control group in all areas; 
precaudal vertebral area (p=0.01), caudal vertebral area (a) (p=0.003), and caudal vertebral area (b) 
(p=0.002). *p < 0.05. 

3.3.3 Muscle fibers with central nuclei  

In the exercise group, more centrally nucleated muscle fibers were identified 

than in the control group. The average percentage of fibers containing central nuclei 

was for the precaudal vertebral area 0.44 ± 0.09% vs. 8 ± 0.15% (p < 0.001), for the 

caudal vertebral area (a) 0.78 ± 0.51% vs. 9.11 ± 1.19% (p=0.006), and for the caudal 

vertebral area (b) 0.67 ± 0.16% vs. 9.67 ± 1.25% (p=0.004) in control group vs. 

exercise group, respectively (Figure 20, 21). 

 

 

Figure 20: Muscle adaptations to swimming exercise. Physical exercise generated more muscle fibers 
with central nuclei. The histological image shows the presence of central nucleated muscle fibers in the 
exercise group (b) and they are generally recognized as regenerated myofibers. Muscle fibers with 
central nuclei (black arrows) can be observed in the exercise group (b) but rarely in the control group 
(a). 
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Figure 21: Muscle adaptations to swimming exercise. The graph shows a higher percentage of centrally 
nucleated muscle fibers in the exercise group compared to the non-exercised group in precaudal 
vertebral area (p < 0.001), caudal vertebral area (a) (p=0.006) and caudal vertebral area (b) (p=0.004). 
*p < 0.05, **p < 0.001. 
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4 Discussion 

Muscle and bone are inextricably linked by genetic, molecular, anatomical and 

environmental factors, forming a muscle-bone unit. Therefore, it is assumed that 

increased physical exercise causes corresponding adaptations in both muscle and 

bone. The aim of the current study was to test the hypothesis that swimming exercise 

leads to muscle and bone adaptations in adult zebrafish, to quantify the cellular and 

structural adaptations, and furthermore to compare parameters between the caudal 

and precaudal areas along the zebrafish spine to test whether musculoskeletal activity 

leads to region-dependent adaptations.   

4.1 Increased physical exercise and musculoskeletal adaptations 

This study provides new data on adaptive responses of the musculoskeletal 

system to increased physical exercise in adult zebrafish. An adequately functioning 

musculoskeletal system plays an important role in functional capacity, independence, 

and quality of life. It has been shown that physical exercise positively affects most 

structural components of the musculoskeletal system which are related to functional 

capabilities and lowers the risk of degenerative diseases [82]. To better understand 

the mechanisms behind adaptations to exercise, the zebrafish provides an ideal small-

sized animal model. Previous results of a zebrafish study showed that there were 

significant adaptations in the bone to physical exercise in terms of increased 

mineralization and bone formation [70], however it has not yet been reported what 

adaptations in muscle are caused and whether there is difference in some parameters 

between the caudal and precaudal spine of zebrafish related to the different types of 

locomotion along the spine. 

4.2 Bone adaptations to swimming exercise 

One of the most important characteristics of bone lies in its structural and 

mechanical properties. The adaptive response to increased physical exercise is 

mediated by osteoblasts which initially secrets new bone tissue as non-mineralized 

osteoid. Several studies have shown that larger and higher mineral content are found 

in exercised fishes such as Atlantic salmon and rainbow trout as adaptive response to 
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load [83] [84]. Data from this study showed a higher number of osteoblasts and related 

parameters as adaptive response to increased physical exercise, but a smaller degree 

of vertebral unmineralized osteoid. The vertebra of zebrafish, like vertebrae from other 

experimental animals and humans, has the ability of adjusting to increased physical 

exercise [70] [82].  

A previous study has shown that sustained swimming reduced the number of 

fused vertebrae in rainbow trout [85], because an appropriate mechanical load is 

needed to maintain the integrity of matrix composition and cellularity in the 

intervertebral area [86]. Moreover, it was established that increasing exercise or load 

enhances bone development and vertebral bone mineralization (BM) [87], which 

indicates more unmineralized osteoid becomes mineralized. This is also confirmed by 

the results of the study at hand, with a low amount of vertebral unmineralized osteoid 

in response to increased swimming exercise. Bone formation and the mineralization 

process rely on a crucial interaction between muscle forces and mechanosensitive 

osteocytes which is derived from the osteoblast. The osteoblast progenitor is recruited 

to the bone surface where an osteoblast differentiates into a polygonal matrix-

producing cells [88]. They connect with existing cells and are embedded in osteoid 

where they are referred to as osteoid-osteocytes [88]. They become mature osteocytes 

when the matrix around them mineralizes. Osteocytes are sensitive to mechanical 

strain in the form of shear stress by muscle forces and translate it into biochemical 

signals between cells on bone surface for both bone resorption and bone formation 

[89]. 

4.3 Muscle adaptations to swimming exercise 

It has been shown that increased swimming exercise is associated with muscle 

growth and muscle growth marker gene expression in adult zebrafish [90], however, it 

has not yet been clarified what kind of structural, cellular, and molecular changes take 

place in muscle as a response to increased swimming exercise in adult zebrafish. This 

current study also tests the hypothesis that physical exercise causes muscle 

adaptation in adult zebrafish, and aimed to characterize those macroscopic, 

histological, and cellular adaptations. Wiluam.D et.al [91] has shown that fish which 

had small muscle fibers increased their muscle mass mainly via increasing in fiber size, 
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while those animals initially having large fibers responded to training by an increase in 

fiber number, with less emphasis on change in size of each fiber. The presented results 

indicate there were no significant differences in body mass between the control and 

exercise group, however exercised zebrafish showed a higher number of muscle fibers 

compared to non-exercised control fish and significantly smaller size of the muscle 

fibers compared to control group, indicating that zebrafish belong to a species with 

small muscle fibers. However, much of the literature is inconclusive, due to the type of 

fish, training regimen, exercise period and other fish conditions, which are likely 

associated with the type of adaptation [91-94]. This study focused on fast-twitch muscle 

fiber area in zebrafish, since there could be different adaptive responses to increased 

physical exercise between the fast and slow-twitch muscle fibers. 

4.4 Mechanism of muscle adaptations 

In small zebrafish, effects of short periods of training during development on 

aerobic and anaerobic metabolism have been reported [92]. Also in large salmonid 

fish, effects such as enhanced muscle aerobic potential, increased fiber cross-

sectional area, and improved heart performance have been addressed [93] [94]. To 

discover whether increasing swimming exercise also affects size and number of 

muscle fibers in adult zebrafish, the number and cross-sectional area of muscle fibers 

were measured within this study. Result showed that cross-sectional area becomes 

significantly smaller in response to increased swimming exercise. Exercise-induced 

muscle fiber injury has been well‐described in the literature [95] [96] and it is quite clear 

that exercise for which a skeletal muscle is not adequately conditioned leads to focal 

sites of injury distributed within and among the muscle fibers and these adaptations of 

the muscle reduces the amount of overall injury [97]. Afterwards, muscle injury healing 

occurs through different phases, such as (a) degeneration and inflammation which is 

important in the removal of injured tissue and for stimulating regeneration of the 

damaged fibers, (b) muscle regeneration, and (c) development of fibrosis. In the first 

few days after injury, muscle degeneration and inflammation occurs, and clear 

evidence showed that the injured fibers are in the regenerative phase four to five days 

after injury, and the muscle could completely heal through regeneration [98]. Usually 

the regeneration process peaks at two weeks and decreases at three to four weeks 



 

 
26 

 
 

after injury [99]. This means muscle undergoes a distinct process such as 

degeneration, inflammation, regeneration, and fibrosis during the same time. Results 

of this study therefore indicate that increased swimming exercise lead to continued 

injury to the muscle fibers in zebrafish skeletal muscle, inducing regeneration of the 

damaged fibers and growth of new fibers, thus leading to higher numbers of fibers with 

smaller cross-sections. 

4.5 Satellite cells and Myonuclei with muscle adaptations 

Satellite cells which are muscle stem cells play an essential role in muscle 

growth and also in the response to injuries caused by either exercise or disease [64]. 

Satellite cells are maintained in a quiescent state and upon requirement become 

activated, proliferating, and fusing with other cells to form or repair myofibers. After 

injury, satellite cells are activated by specific muscle injury signals and proliferate, 

produce myogenic precursor cells, known as myoblasts which form new myotubes or 

fuse with damaged myofibers eventually becoming mature functional skeletal 

myofibers. This is also why high muscle activity and load often lead to an increase in 

the transverse size (thickness) of the muscle [100]. Activation of satellite cells is the 

first step for muscle regeneration. Therefore, satellite cells are considered the most 

promising target in a cell-based therapy for muscle wasting disorders [101].  

Adult muscle fibers are multinuclear and have a symplast structure [100], 

developed in ontogenesis via fusion of myoblasts. The myonuclei (nuclei of a muscle 

fiber) which are postmitotic and cannot divide, are located at the periphery of a fiber in 

the space between myofibrils and sarcolemma. Once the myonuclei migrate from a 

central position to a subsarcolemmal position, the muscle cells turn into myofibers. An 

increased number of myonuclei in adult muscle fiber was discovered during a power 

exercise, experimental working hypertrophy, and post atrophic reloading [102] [103]. 

The new nuclei in muscle fibers can be caused only through the fusion of satellite cells 

with the muscle fiber. The satellite cells could offer new nuclei for the muscle fiber 

during the postnatal period and also for the local regeneration of the injured muscle 

fibers [104]. Thus, in normal adult muscle the appearance of central nuclei can be an 

indication of muscle regeneration [105]. Results of this study showed higher 

percentage of fibers containing central nuclei within the exercise group compared to 
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control group, indicating that more muscle fibers are generated as skeletal muscle 

adaptation to increased swimming exercise in zebrafish. 
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5 Summary-Zusammenfassung      

5.1 Summary  

 

A functional musculoskeletal system plays an important role in functional 

capacity, independence, and quality of life. Physical exercise positively affects most 

structural components of the musculoskeletal system which are related to functional 

capabilities and the risk of degenerative disease. This study showed that swimming 

exercise leads to muscle and bone adaptations in adult zebrafish and quantified the 

cellular and structural adaptations in terms of increased bone growth and increased 

muscle regeneration. In particular, one month of physical exercise promoted bone 

adaptations with increased osteoblastic bone formation and increased mineralization. 

Muscle adaptations in response to exercise included higher numbers of smaller muscle 

fibers and central nucleated muscle fibers in exercise group, however the size of 

muscle fiber was much smaller in exercise group. The potential changes in muscle 

fiber types after one month of physical exercise needs to be further investigated to 

better understand the role of specific muscle fiber types during adaptation. 

This study strongly supports that the zebrafish is an important and valuable 

vertebrate model organism in scientific research, specifically an important animal 

model for musculoskeletal diseases. It also provides new information on adaptive 

responses of the musculoskeletal system to increased physical exercise in adult 

zebrafish. This study also points out how exercise experiments in adult zebrafish could 

foster in-depth analysis of aging-related musculoskeletal diseases.  
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5.2 Zusammenfassung  

 

Ein intakter Bewegungsapparat spielt eine wichtige Rolle für die körperliche 

Funktionsfähigkeit, Unabhängigkeit und Lebensqualität. Körperliche Betätigung wirkt 

sich positiv auf die meisten strukturellen Komponenten des Bewegungsapparates aus, 

die mit funktionellen Fähigkeiten und dem Risiko von degenerativen Erkrankungen 

zusammenhängen. Diese Studie zeigte, dass Schwimmtraining bei erwachsenen 

Zebrafischen zu Muskel- und Knochenanpassungen führt, wie beispielsweise eines 

erhöhten Knochenaufbaus und einer gesteigerten Muskelregeneration. Das 

vierwöchige Schwimmtraining induzierte die Anpassung von Knochen in Form von 

verstärkter Knochenbildung durch erhöhte Osteoblastenaktivität, sowie  einer 

Erhöhung der Mineralisierung von Knochen. Muskelanpassungen als Reaktion auf 

körperliche Betätigung umfassten eine höhere Anzahl von Muskelfasern sowie von 

Muskelfasern mit zentral lokalisierten Zellkernen in der Übungsgruppe, jedoch war die 

Größe der Muskelfasern in der Übungsgruppe signifikant kleiner. Die potenziellen 

Veränderungen der Muskelfasertypen nach einem Monat körperlicher Betätigung 

müssen weiter untersucht werden, um die Rolle spezifischer Muskelfasertypen 

während der Anpassung besser verstehen zu können. 

Diese Studie zeigt deutlich, dass der Zebrafisch ein wichtiger Wirbeltiere-

Modellorganismus für die biomedizinische Forschung ist, besonders zur Erforschung 

von Erkrankungen des Bewegungsapparates und des muskuloskelettalen Systems. 

Die Studie enthält außerdem neue Informationen über die Adaptionen des 

Bewegungsapparates von erwachsenen Zebrafischen auf erhöhte körperliche 

Betätigung. Diese Studie weist somit darauf hin, dass die Durchführung von 

Bewegungsexperimenten am Zebrafisch-Modell eine ausführliche Analyse von 

alterungs-assoziierten Gewebsveränderungen oder pathologischer Veränderungen 

ermöglicht. 
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6 Abbreviations 

N.Ob/B.Pm  Number of osteoblasts per bone perimeter  

Ob.s/BS  Osteoblast surface per bone surface  

N.Ob   Osteoblasts number  

O.Th   Osteoid thickness 

OS/BS  Osteoid surface per bone surface 

BV/TV   Bone Volume over Total Volume 

N.Ot/B.Ar  Osteocyte number/bone area 

MMA   Methyl methacrylate 

DMP   2,4,6-Tris(dimethylaminomethyl)phenol 

H&E stain  Hematoxylin and eosin staining 

CNFs   Centrally nucleated fibers 

BM                           Bone mineralization  
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8 Appendix 

Hematoxylin and eosin staining (H&E stain) 
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Toluidine blue staining 
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Masson-Goldner trichrome staining 
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