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2. Introduction 

2.1 The invertebrate animal model of zebra mussel in 

biomineralization and shock wave research 

Mollusks are widespread invertebrate animals distributed in marine, freshwater, 

and certain areas of land. Bivalves are the second-largest division of the mollusk 

phylum [1] and have been closely associated with human life since ancient times. 

In scientific research, bivalves have always been an important point of interest in 

bionics, evolutionary biology, ecotoxicology, and other fields [2-4]. In ecotoxicol-

ogy and environmental sciences, bivalve mussels play an essential role in water 

purification and pollution monitoring [5-8]. In bionics, the formation of shells and 

byssus in bivalves have been important topics for the studies of biological miner-

alization and adhesion processes in animals [3, 9-11]. Although the shell miner-

alization in bivalves has been a research hotspot recently, the mussel animal 

model has been seldomly used in biomedical studies [12]. 

Most biomedical research was conducted using vertebrate animals such as mice, 

rats, and rabbits. While the 3Rs principles (Replacement, Reduction, and Refine-

ment) have been calling as ethical guiding principles with the aim to reduce ani-

mal experiments as low as possible and to replace animal experiments with other 

alternatives. In particular, the mussel as a widespread invertebrate could be an 

excellent alternative experimental invertebrate animal in specific fields of re-

search. 

In a previous study, the zebra mussel was used as a biomineralization animal 

model to study the new biomineralization induced by extracorporeal shock waves 

(ESWs) [12]. The freshwater environment surrounding the shell makes a perfect 

propagation medium for shock waves. The acoustic investigation of shock wave 

energy flux density (EFD) distribution in water makes a vital foundation for stud-

ying the dose-effect relationship between the shock wave energy level and the 

induced biomineralization effect in animals [12-14]. Furthermore, studies of the 

soft tissue extracellular matrix (ECM) molecules might bring us pieces of evi-

dence to explain the internal biomineralization process in mussels. Therefore, two 

projects were arranged to research the dose-dependent biomineralization effects 
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after radial extracorporeal shock wave therapy (rESWT) and the immunohisto-

chemical detection of ECM molecules in zebra mussels. 

2.2 The extracorporeal shock wave therapy and bone fracture 

nonunions 

2.2.1 The mechanisms of bioeffects induced by extracorporeal shock 

wave therapies 

The shock wave is a kind of discontinuous peak propagation in a medium such 

as air, water, or even a solid substance. When it encounters obstacles in the 

transmission route, the shock wave can cause a pressure change on the interface 

between two kinds of materials with high positive pressure up to 100 MPa and 

negative pressures of 5-10 MPa within 10 μs (Figure 1) [15-17]. Rapid pressure 

change caused not only tensile and shearing forces but also another phenome-

non called cavitation in the medium. Cavitation is the formation of some small 

cavities in places where the pressure is relatively low. When exposed to higher 

pressure, these small cavities or bubbles collapse and create a strong shock 

wave close to the bubbles [18]. With those side effects, shock waves can cause 

damage to artificial objects such as control valves, pumps, propellers, and impel-

lers. However, as more research focuses on shock waves, we gradually become 

able to minimize the harm and take advantage of its strengths in many fields.  

In the biomedical field, the mechanism of the biological effects of ESWs in living 

tissues remains uncertain. However, studies on ESWs revealed many biological 

reactions, which could be concluded mainly in two phases. In the physical phase, 

the tensile and shearing forces caused by ESWs on cell membranes and ECM 

might increase the permeability of cell membranes by stretching sensitive ion 

channels or change the biochemical activity of enzymes and proteins by changes 

in structures [19]. Subsequently, many signal transduction pathways (FAK, ERK, 

TLR3) were activated to modulate certain gene expressions [20-26]. 
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Figure 1. A schematic pressure profile of focused and radial extracorporeal shock 

waves (fESWs and rESWs). The fESWs can cause much greater pressure 

changes than rESWs. Modified from Salter et al., 2020 [16] and the “Physical 

Principles of ESWT: Basic Physical Principles.” The International Society for 

Medical Shockwave Treatment. https://www.shockwavetherapy.org/about-

eswt/physical-principles-of-eswt/ [17]. 

 

In the biological phase, molecular biology studies have also shown that ESWT 

can up-regulate the expression of key biomolecules for angiogenesis (vWF, 

VEGF, eNOS, and PCNA) and osteogenesis (BMP-2, osteocalcin, alkaline phos-

phatase, DKK-1, and IGF-1) at the gene or molecular level, which could induce 

bone formation directly or indirectly [21, 26-30].  

According to present studies, the mechanism of ESWT promoting bone for-

mation/healing may be initiated in the following ways, 1) ESWT could promote 

neovascularization and bone healing with the enhancement of angiogenesis and 

https://www.shockwavetherapy.org/about-eswt/physical-principles-of-eswt/
https://www.shockwavetherapy.org/about-eswt/physical-principles-of-eswt/
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osteogenesis growth factors (including eNOS, VEGF, PCNA, and BMP-2) [29], 

2) ESWT induces the elevation of nitric oxide, osteocalcin, and transforming 

growth factor-beta1 (TGF-β1) and then enhanced the proliferation and differenti-

ation of osteoblasts [31], 3) the mechanical stimulus of ESWT promotes biological 

bone healing processes through mechanotransduction [32], 4) ESWT induces the 

gene expression of ECM proteins (COL1A1, osteocalcin, and osteopontin) [33], 

5) rESWs significantly promoted the proliferation and self-renewal of MSCs [34].  

2.2.2 Clinical applications of extracorporeal shock wave therapies on 

bone fracture nonunions 

The clinical use of the shock wave as a kind of physical treatment was named 

extracorporeal shock wave therapy (ESWT). The initial clinical use of ESWT was 

introduced in urologic stones in 1982 [35]. Because of its noninvasiveness and 

effectiveness, it was quickly and widely popularized. The extracorporeal shock 

wave lithotripsy (ESWL) has become the first choice to treat kidney and ureteral 

stones. In addition to the ESWL, shock waves have also been found to promote 

osteogenesis as a side effect in ESWL-treated patients [36]. Early in 1991, the 

ESWT was used in the treatment of delayed and non-union of fractures with a 

remarkable effective rate [37]. Since then, more and more attempts of ESWTs 

had been put into practice on many musculoskeletal disorders. In addition to the 

bone fracture nonunion, the ESWT is also effective in treating many chronic ten-

dinopathies and wound healings. To date, the average union rate after ESWT in 

delayed unions was 86%, in nonunions was 73%, and in nonunions after surgical 

treatment was 81% [38]. Although the ESWT showed similar effectiveness as the 

surgical treatments with a much lower rate of complication, in clinical situations, 

the surgical treatment is still the “golden standard” treatment for fracture nonun-

ions or delayed unions because of its high union rate (74%-95%) [39-41].  

In the clinical application of ESWT, two kinds of extracorporeal shock wave de-

vices (the radial and focused extracorporeal shock wave equipment) have been 

developed respectively for the treatment of superficial and deep lesions. As sum-

marized in the literature, most medical institutes tend to use the fESWT to treat 

nonunion fracture patients because of the higher energy and deeper effective 

area of fESWs (penetration depth rESWT 20mm, fESWT 95mm, Figure 2) [13, 

42]. This choice was supported by a previous animal experiment in which a 
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threshold energy level of fESWT was found to be essential for initiating new bone 

formation [43]. 

Figure 2. Comparison of penetration depth of focused and radial ESWT devices 

The penetration depth of fESWs is deeper than that of rESWs, data measured in 

water using rESWT and fESWT devices (Swiss DolorClast and Swiss Piezoclast; 

Electro Medical Systems, Nyon, Switzerland) [13]. Modified from the “Physical 

Principles of ESWT: Basic Physical Principles.” The International Society for 

Medical Shockwave Treatment. https://www.shockwavetherapy.org/about-

eswt/physical-principles-of-eswt/ [17]. 

 

https://www.shockwavetherapy.org/about-eswt/physical-principles-of-eswt/
https://www.shockwavetherapy.org/about-eswt/physical-principles-of-eswt/
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While with the development of radial shock wave techniques, the radial shock 

wave devices are currently more portable and easy to operate than the focused 

shock wave devices. Some doctors chose to try rESWs to treat superficial bone 

fracture delayed unions or nonunions with a remarkable outcome in patients with 

tibia fracture (union rate of 70% in tibia nonunions) and other superficial bone 

fractures in hand and foot [42]. This raises the possibility that the rESWT might 

be more suitable for superficial bone fracture nonunion patients. 

For a long time, the radial shock wave was considered a kind of mechanical wave 

(generated by hitting the metal applicator with an accelerated projectile) because 

of its different principle of generation from the focused shock wave devices (Elec-

trohydraulic/Electromagnetic/Piezoelectric sources). This concept was not up-

dated until the observation of the cavitation phenomenon in rESWT studies [14]. 

Research of rESWT in animals also demonstrated significant bioeffects of new 

bone formation in vivo induced by the rESWs [44-46]. Results of all those studies 

have led us to a hypothesis that the rESWs might have similar bioeffects just as 

the fESWs. 

Besides, the osteogenesis-promoting effects of low energy rESWs raise the 

question: Is the high energy level necessary for the ESW-induced biomineraliza-

tion? Although the rESWT is relatively low in energy density (maximum EFD 0.14 

mJ/mm2 with the nearest distance of 1mm) [14], the clinical applications of ESWT 

in bone fracture nonunions also differ a lot in energy densities (from 0.09 to 1.10 

mJ/mm2) [38]. More experiments are required to investigate the relationship be-

tween the energy density and bioeffects of rESWT. Here we used an invertebrate 

zebra mussel animal model to explore the relationship between the new mineral-

ization intensity in the shell and the energy level of rESWs.  

2.3 The extracellular matrix molecules and biomineralization 

The ECM is a non-cellular network composed of a series of macromolecules pre-

sent in all tissues of multicellular organisms. The network lies outside a cell but 

is made and maintained by a cell. The ECM provides not only essential physical 

scaffolding that supports the tissue but also plays a crucial role in cell adhesion, 

tissue morphogenesis, and differentiation [47-49]. The extracellular molecules 
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consist of collagens, glycosaminoglycans, proteoglycans, and many glycopro-

teins. Minerals and enzymes also present as components in some specific tis-

sues. Although most ECM studies have focused on vertebrate species, the stud-

ies of the ECM in invertebrates are important in revealing the origins of ECM in 

evolution [50, 51]. To achieve this, some human ECM molecules related to oste-

ogenesis were selected, including collagens, proteoglycans/glycosaminoglycans, 

and glycoproteins. 

2.3.1 Collagens 

Collagen is the most abundant protein in mammals acting as the main structural 

protein in the ECM of various connective tissues. The triple helix structure and 

the inter/intra-chain crosslinks of collagen are crucial to its mechanical properties 

[52, 53]. In the family of collagens, type I collagen constitutes the largest propor-

tion (over 90%) of collagens. It plays as the main component of the organic part 

of the bone. Type II collagen acts as the main collagenous component of carti-

lage. Type III collagen is the main component of reticular fibers, usually found 

alongside type I collagen. Type IV collagen is the main component of basal lam-

ina in various tissues. The primary function of collagenous proteins is to provide 

mechanical support to tissues and allow biochemical interaction. 

2.3.2 Proteoglycans/Glycosaminoglycans 

Proteoglycans are heavily glycosylated proteins that are also major components 

of the human and animal ECM. They work together with other proteoglycans, 

hyaluronic acids, and fibrous matrix proteins such as collagen. They form large 

complexes that fill the intercellular spaces. Proteoglycans consist of a core pro-

tein and one or more glycosaminoglycan (GAG) chains linked by covalent bonds. 

The GAG residues found in proteoglycans are heparan sulfate, chondroitin sul-

fate, keratan sulfate, hyaluronic acid, and dermatan sulfate [54]. Other than acting 

as intercellular substances, proteoglycans may also be involved in regulating cell 

adhesion, cell growth, proliferation, angiogenesis, tumor metastasis, or other bi-

ological activities. Aggrecan is the major proteoglycan in the articular cartilage 

that provides the cartilage load-bearing properties via interaction with hyaluronan 

and link protein. Besides, a dermatan sulfate proteoglycan extracted from the 
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eggshell matrix had shown a concentration-dependent crystal morphology regu-

lation function in vitro [55]. 

2.3.3 Glycoproteins 

Glycoproteins such as osteonectin, osteopontin, alkaline phosphatase, fibron-

ectin, and fibrillin are produced in different stages of skeletal development and 

bone remodeling with various functions related to cell attachment and migration, 

cell-matrix interactions, bone mineralization, and pathological process such as 

bone metastasis. The osteonectin (SPARC), as a regulator of calcium release, 

may participate in the collagen mineralization process by binding with collagen 

and hydroxyapatite crystals [56]. The osteopontin in bone could stimulate the mi-

gration and adhesion of osteoclasts and the proliferation and calcification of os-

teoblasts [57]. Fibronectin was indispensable in the initial steps of collagen 

polymerization, and it can regulate the differentiation of osteoblast by cell-fibron-

ectin interaction [58]. 

2.3.4 The detection of extracellular matrix molecules in zebra mussels 

The research of ECM in mollusks could be divided into two aspects, the shell 

matrix and the ECM in soft tissues. Studies of the shell matrix components mainly 

focused on the mechanism of shell formation. There are mainly two hypotheses 

of shell formation mechanisms, the traditional matrix-mediated hypothesis and 

the new cell-mediated hypothesis of shell formation. The traditional matrix-medi-

ated hypothesis states that the shell formation is initiated from solution by the 

extracellular organic matrix [59]. This hypothesis was mainly supported by exper-

iments in which the extractions of shell matrix showed abilities to induce crystal 

formation in vitro [60, 61]. The cell-mediated hypothesis was brought up along 

with the report of a class of granulocytes that contain calcium carbonate crystals 

in Oysters [62]. This hypothesis was supported by subsequent studies, which 

demonstrated the presence of crystal-bearing granulocytes in the extrapallial 

space and the calcium carbonate mineralization mediated by mantle cells [63, 

64]. To date, the cell-mediated shell formation theory was composed of two parts, 

the formation of calcium carbonate crystals associated with mantle cells and the 

crystal deposition from intracellular calcium carbonate to the mineralization site, 

which was mediated by hemocytes (Figure 3) [11]. In both hypotheses of shell 



2 Introduction 16 

biomineralization, the mussel soft tissues were involved in biology mineralization 

or crystal deposition.  

Most detections of mussel soft tissue ECM components were conducted by ge-

nomics studies [65]. The ECM compositions in mussels can be screened and 

identified by analyzing gene expression data. An immunohistochemical study 

aimed at the immunolocalization of shell matrix proteins (SMPs) in soft tissues 

showed the existence of SMPs in hemolymph, heart, gill, mantle, and adductor 

muscle tissues [66]. Another study has identified the biomineralization-related 

proteins and localized the selected gene transcripts in regions of mantle tissues 

by in situ hybridization [67]. 

Figure 3. Schematic presentation of shell biomineralization 

The figure includes mainly two parts: the soft body and the shell. Crystal-bearing 

hemocytes in the circulatory system are released into the extrapallial fluid through 

secretory cavities on the mantle surface. These hemocytes participate in the for-

mation of the prismatic layer by fusing into the prismatic layer columns and re-

leasing calcium carbonate crystals to form the calcite. Besides, hemocytes 
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(mainly granulocytes) also transport non-secretory shell matrix proteins (SMPs) 

by endocytosis in soft bodies and releasing them in the biomineralization front. 

SMPs: Shell matrix proteins; OMF: outer mantle fold; MMF: middle mantle fold; 

IMF: inner mantle fold; OME: outer mantle epithelium; IME: inner mantle epithe-

lium. The involvement of hemocytes in the nacreous layer formation remains a 

point of concern. Modified according to Böhm et al., 2019 [10] and Song et al., 

2019 [11]. 

 

Although numerous studies have reported those shell mineralization-related 

genes and proteins in mussels, the functions of these proteins and genes remain 

unknown. It is noteworthy that mineralized genes and proteins have been re-

ported to be conserved [67]. Here we focused on the immunodetection of mam-

mal ECM molecules in zebra mussel soft tissues trying to find connections be-

tween human and mussel biomineralization. 

2.4 Aim of the thesis 

The ESWT is a promising non-invasive physical therapy for nonunions and de-

layed unions, with excellent union rates. The application of ESWT on bone non-

unions could reduce the financial costs and physical trauma for patients. How-

ever, the principles of radial and focused ESWTs remain unknown, and clinical 

applications of ESWT are still lacking explicit guidelines. Here we used the zebra 

mussel as a novel biomineralization animal model to explore the relationship be-

tween the energy of rESWs and the rESW-induced biomineralization. The mech-

anism of shell mineralization in mussels has been a hot topic in biomineralization 

research. Research on the shell mineralization mechanisms in invertebrate ani-

mals could improve our understanding of the biological mineralization process in 

the early stage of evolution. The ECM is vital for the development of tissues and 

organs in multicellular organisms. With no specific organs and structures respon-

sible for the mineralization, the study of the ECM molecules might be a good point 

of interest to investigate the shell biomineralization mechanisms in mussels. A 

series of monoclonal antibodies of mammal ECM molecules (some of them re-

lated to biomineralization) were selected for the immunohistochemical study on 

the soft tissue of zebra mussels.  
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In this thesis, our ultimate goal is to further understand the mechanisms of the 

rESW-induced biomineralization process in zebra mussels. A prospective bio-

mineralization process might be revealed, which was initiated by rESWT stimula-

tion, mediated by the biological activities in cells and ECM, and ended up in the 

shell mineralization. 

To explore the biophysical processes, we aimed to investigate the following top-

ics. 

1. Whether the rESWT has the same ability to induce biomineralization in zebra 

mussels as the fESWT.  

2. The relationship between the shell biomineralization intensity and the energy 

level of rESWT on mussels. 

3. The presence of mammal ECM molecules in zebra mussel soft tissues. 

4. The potential functions of mammal ECM molecules in zebra mussel tissues. 
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3. Results (published articles) 

3.1 Paper I  
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4. Discussion 

4.1 New shell mineralization induced by radial extracorporeal 

shock waves in zebra mussels 

In the first paper, we explored the shell mineralization of zebra mussels after 

treatments of radial ESWT at different energy levels. Similar to the previous study 

of focused ESWT, significant rESW-induced mineralization was observed in sev-

eral groups. Other than that, a dose-dependent biomineralization effect could be 

concluded from the results of rESWT exposure experiments. 

4.1.1 Radial extracorporeal shock waves can induce biomineralization in 

the shell 

An invertebrate animal model of biomineralization was established using zebra 

mussels and verified with the treatment of focused ESWs [12]. The zebra mussels 

treated by focused ESWs in water showed a significantly higher mean fluores-

cence intensity in the shell mineralization zone than the sham-exposed group. 

Besides, the study also demonstrated that the biomineralization induced by 

fESWs in mussel shells might not be restricted to the region with the highest en-

ergy density. The fESW-induced shell biomineralization concentrated on the re-

gion close to the umbo, representing the physiological mineralization process of 

mussel shells. Here in the first paper, the mineralization inducing ability of rESWT 

was verified with significantly higher mean fluorescence intensities in the radial 

ESWT treated groups than in the sham-exposed group using the zebra mussel 

as a novel biomineralization animal model.  

The distribution of new mineralization in the shell exhibited a similar pattern as 

reported in Sternecker et al. [12]. Unlike our previous study, the fluorescence 

intensity between left and right valves showed a significant difference. In most 

groups, the left valve (target side) showed a higher fluorescence intensity than 

the right valve. This difference between left and right valves may be caused by 

the relatively low energy level and the narrow region of effect (i.e., of biological 

efficacy) for rESWT devices (region size less than 15*20mm) [13]. In the fESWT 

study, the EFD at the focus point was about 0.4 mJ/mm2 with a deep effective 

region (about 20*50mm) that can cover the whole mussel. In this case, the whole 

mussel (including the soft body and the shells) can be impacted by the fESWs. 
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The fESWs may trigger some biological mineralization processes in the mussel 

and lead to similar mineralization in both valves [12]. While in the present rESWT 

study, the highest EFD on the target point was about 0.11 mJ/mm2 with a narrow 

effective region (less than 15*20mm) that could not cover the whole mussel [14]. 

In this case, the rESWT might trigger only the mineralization process in the tar-

geted left valve and adjacent epitheliums but not in the whole soft tissues, e.g., 

the hemocytes-mediated shell formation [11]. 

In an experiment with rabbit femurs exposed to ESWT, a similar pattern of ESW-

induced new mineralization as in our study was reported with the new bone for-

mation being presented and increased with the rise of ESW energy (with 0.5, 0.9, 

and 1.2 mJ/mm2 EFD). It was interesting to note that in the highest energy level 

(1.2 mJ/mm2 EFD), ESWT resulted in a new bone formation on the dorsal side 

(not treated side) of the rabbit femur which was consistent with our results in 

mussels (4 bar caused a significant increase of fluorescence intensity in the not 

treated right side of shells) [43]. The presence of new mineralization outside the 

ESW targeted region indicated that the ESW-induced new mineralization was 

conducted not directly by the mechanical waves but was mediated by certain bi-

ological activities among the targeted region of tissues. In mammals, the biologi-

cal activities induced by ESWT contain the expressions of biomolecules of oste-

ogenesis (BMP-2, RUNX2, Osteocalcin) and angiogenesis (VEGF, eNOS, 

PCNA) at the gene or molecular levels, while the biological reactions in mussels 

remained unknown [29, 68]. However, because of the significant differences be-

tween the tissue organization in vertebrates and invertebrates, the next important 

thing to do is to explore the ECM composition of zebra mussel soft bodies.  

To investigate whether ECM molecules in mussel soft tissues exist, which may 

be related to the ESW-induced biomineralization, we conducted an immunohisto-

chemical detection of some human ECM molecules in zebra mussel soft tissues 

in my second paper.  

4.1.2 The shell biomineralization induced by radial extracorporeal shock 

waves has a dose-effect relationship 

As presented in the first paper, the mean fluorescence intensity on the left shells 

showed a rising trend as the energy went up, which could be interpreted as a 
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dose-dependent increase in biomineralization induced by rESWT. The dose-ef-

fect relationship was also supported by the statistical results. In the results of 

targeted left shells, those groups with different energy levels could be divided into 

three stages: In sham exposure and 2 bar groups, left shells showed very low 

fluorescence intensity. In 2.5 bar, 3 bar, and 3.5 bar groups, left shells showed 

significantly higher fluorescence intensity than sham exposure and 2 bar groups. 

In the 4 bar group, left shells showed significantly higher fluorescence intensity 

than all the other groups. Similar results could be found in the periosteal ventral 

side of the rabbit femur in a focused ESWT study, showing the 0 and 0.35 

mJ/mm2 EFD groups with no new bone formation, the 0.5, 0.9, and 1.2 mJ/mm2 

EFD groups with significant new bone formation than the sham exposure group. 

The amount of new bone formation also increased with increasing EFD (0.5, 0.9, 

and 1.2 mJ/mm2) [43]. Besides, a study in rabbits focused on the milestones of 

biological mineralization post certain low energy rESWTs (4000 impulses with 

EFD 0.16 mJ/mm²) and reported that the rESW-induced new bone formation pre-

sented in all groups, with the highest intensity of ossification after four weeks [44]. 

Those studies have described a dose-dependent, time-limited biomineralization 

effect induced by rESWT in vivo.  

It is interesting to note that the unexposed right valve showed relatively low fluo-

rescence intensity in most groups, with the exception of the 4 bar group. It fits our 

hypothesis that the higher EFD of ESWs may trigger some biomineralization pro-

cess within the soft body resulting in the mineralization in both shells [12]. 

The aquatic environment of mussels is a homogeneous medium in which the 

propagation path of ESWs can be visualized, and the distribution of ESWs energy 

can be measured [13, 14]. It makes the zebra mussel suitable for ESWT studies 

as an invertebrate biomineralization animal model. However, the mechanisms of 

ESW-induced shell mineralization remain uncertain at molecule and cell levels. 

In the second paper, an immunohistochemical study was conducted to investi-

gate the mineralization-related ECM molecules in zebra mussel soft tissues. 
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4.2 The immunodetection of extracellular matrix components 

in zebra mussel soft tissues 

In the second paper, we report an immunohistochemical detection of the ECM 

components of zebra mussel soft tissues using a panel of well-characterized 

monoclonal antibodies. These antibodies were made against collagen, proteo-

glycans, glycosaminoglycans, and glycoproteins. All of them have been demon-

strated in mammalian ECM tissues [69-71]. The distance between the zebra mus-

sel and mammals is far in the evolutionary path, and the composition of the ECM 

in mussels could be quite different from the mammals. Still, several studies have 

demonstrated the presence of the same or similar matrix molecules in the ECM 

of bivalve mussels as in mammals [72-74]. We hypothesize that some ECM mol-

ecules (or at least molecule fragments, i.e., epitopes) are conserved in evolution, 

and some molecules might be detected using anti-mammal monoclonal antibod-

ies. The potential ECM molecules shared by mammals and mussels might bring 

us a better understanding of the biological activities in bivalve soft tissues and 

support our related studies using the zebra mussel as an animal model. In par-

ticular, we tested some antibodies previously related to biological mineralization. 

4.2.1 Collagen IV, fibronectin, keratan sulfate (MZ15 - epitope) in zebra 

mussel hemocytes 

Among all structures of mussel soft tissues, the hemolymph is not only responsi-

ble for nutrient transport, growth, and development but also a major component 

of the immune system. A study on zebra mussel hemocytes has observed and 

classified subpopulations of hemocytes and demonstrated that hyalinocytes and 

granulocytes have full innate immunity [75]. It is worth noting that the antibodies 

recognizing collagen IV, fibronectin, and keratan sulfate (MZ15 - epitope) all la-

beled a subpopulation of mussel hemocytes specifically. According to the classi-

fication of Evariste et al. [75], those positive hemocytes could be recognized as 

hyalinocytes-like hemocytes. 

The presence of collagen IV, fibronectin, and keratan sulfate in hemocytes could 

be related to various functions mediated by mussel hemocytes, such as nutrient 

transport, tissue development, wound healing, immune reactions, and hemocytes 

mediated biomineralization [76-78]. Although few studies have explored the pres-

ence of mammal ECM molecules in bivalves, some pieces of evidence were 
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found to be helpful in publications. A study had identified a fibronectin type III 

domain and an alpha 1 type IV collagen in the acid-soluble matrix extract and 

acid-insoluble matrix of zebra mussel shell matrix, respectively, suggesting that 

they may participate in the formation of the shell [79]. As we also immunolocalized 

collagen IV and fibronectin in zebra mussel hemocytes, the participation of he-

mocytes in shell mineralization in zebra mussels is likely. Keratan sulfate has 

Ca2+ counterions, and it may act as a calcium reserve in eggshell production and 

bone mineralization in birds [80, 81]. The detection of keratan sulfate in mussel 

hemocytes indicates that it may act as a calcium reserve in hemocytes during the 

hemocyte-mediated shell mineralization. 

Some published studies have also immunolocalized fibronectin in the subpopu-

lation of hemocytes in marine mussels Mytilus trossulus and Mytilus galloprovin-

cialis [82, 83]. Thus, our results in freshwater mussels are not too surprising. In a 

previous immunohistochemical study of connective tissues in bivalve Pecten 

jacobaeus and Mytilus galloprovincialis, the anti-human type IV collagen antibody 

recognized a subepidermal basement membrane structure [74]. These saltwater 

animal studies are consistent with our reports of the presence of collagen IV, 

fibronectin, and keratan sulfate in freshwater zebra mussel hemocytes. Besides, 

the distribution of positive staining hemocytes in the mantle and inter mantle 

space also supports the hemocytes-mediated shell mineralization hypothesis [62, 

84, 85].  

In a study of the avian eggshell matrix, several epitopes of keratan sulfate were 

detected in different regions of the eggshell membrane and shell itself, with the 

content being proportional to eggshell stability [55, 80]. Subsequent studies re-

vealed the functions of different keratan sulfate proteoglycans (osteoadherin, fi-

bromodulin, etc.) in which the keratan sulfate may act as calcium reservoirs in 

the eggshell assembly, bone formation, and the production of action potentials in 

neurons [81]. Considering the immunolocalization of keratan sulfate (with anti-

body MZ15) in zebra mussel hemocytes and the hemocyte mediated shell min-

eralization hypothesis, we can suppose that the keratan sulfate proteoglycans 

might act as calcium reserve within hemocytes during the shell formation in mus-

sels just as in the avian eggs. It is worth noting that another keratan sulfate anti-

body 1/20/5-D-4, which recognizes a different epitope on the keratan sulfate mac-
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romolecule, was negative in zebra mussel soft tissues. The keratan sulfate-con-

taining proteoglycans are widely distributed among species with numerous 

epitopes recognized by different antibodies [81]. Since the two antibodies recog-

nize different epitopes in our experiments, we need to note that only the epitope 

recognized by antibody MZ15 is expressed in the hemocytes of zebra mussels.  

4.2.2 Collagen IV in the peripheral nervous system 

Other than the hemocytes, the peripheral nerves and parts of ganglions in zebra 

mussels also showed positive labeling by the anti-human type IV collagen anti-

bodies. Human type IV collagen has been immunodetected in a subepidermal 

basement membrane structure of other bivalve mussels (Pecten jacobaeus and 

Mytilus galloprovincialis), demonstrating that it is conserved in the evolutionary 

process [74]. Here our results demonstrated the presence of type IV collagen in 

the peripheral nervous system of zebra mussels. This is consistent with previous 

studies showing the presence of type IV collagen in bivalve mussel tissues and 

provides new evidence for the existence of type IV collagen in the mussel periph-

eral nerve system.  

In vertebrates, type IV collagen is located mainly in the basal lamina of various 

tissues (epithelial, muscle fibers, blood vessels, and peripheral nerves). Func-

tions of collagen IV in the basal lamina include tissue organization, barrier and 

filter formation, control of material diffusion, cell adhesion, cell migration, and 

axon outgrowth. In the peripheral nervous system of vertebrates, axons are 

wrapped by a myelin sheath (of varying thickness) which is formed by Schwann 

cells and surrounded by a basal lamina [86]. Collagen IV is known to be not only 

a major component of the Schwann cell basement membrane but also connected 

with various functions such as the regulation of Schwann cell growth, promoting 

peripheral axonal growth, and myelination [87]. Our results suggest that certain 

cells, perhaps comparable to Schwann cells, in the zebra mussel peripheral nerv-

ous system express collagen IV. This may provide clues to the genesis and de-

velopment of the shellfish nervous system. 

4.2.3 Aggrecan and link protein in the byssus glands 

Aggrecan and link protein are located mainly in some load-bearing structures 

such as the articular cartilage and intervertebral disc. The aggregates formed by 
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proteoglycan (mainly aggrecan), hyaluronan, and link protein endow articular car-

tilage or intervertebral disc with its ability to withstand compressive loads [88]. 

Alternatively, in fibrocartilaginous tendon tissue, the proteoglycans (mainly ag-

grecan and versican) and hyaluronan provide tendon tissue with the capacity to 

resist compressive and tensile forces [89].  

In order to adhere to solid surfaces, mussels produce the byssus, which is a bun-

dle of filaments secreted by the foot, consisting of the adhesive plaque, stiff distal 

thread, elastic proximal thread, and stem [90]. The byssus is secreted by byssus-

secreting glands (including stem gland, collagen gland, accessory gland, and 

phenol gland), in which the byssus proteins are synthesized and reserved for 

secretion. The immunolabeling of aggrecan and link protein antibodies in byssus 

glands suggests that aggrecan and link protein might be involved in the byssus 

formation and contribute to the physical properties of the byssus.  

It is worth noting that the constituent molecules of byssus are still unclear. There-

fore, we hypothesize that there are two possibilities regarding the role of aggre-

can and link proteins expressed in byssus glands. The first possibility is that ag-

grecan and link proteins may participate in the assembling process of the byssus 

matrix, especially in the byssus stem and proximal part of the byssus. In the ul-

trastructural studies of byssus glands, numerous secretory granules consisting of 

proteins or glycoproteins were observed in gland cells [91, 92]. The aggrecan and 

link protein may locate in those secretory granules and participate in the con-

struction of the amorphous matrix of the byssus. Specifically, the proportion of 

the amorphous matrix in the byssus was higher in the proximal and lower in distal 

parts, which is consistent with our immunostaining results showing significant 

positive staining in the proximal byssus stem glands and less positive staining in 

distal glands [93]. It is worth noting that this composing pattern of byssus is strik-

ingly similar to the principle of insertional fibrocartilage formation in vertebrates 

[70, 94]. The second possibility is that aggrecan and link proteins in the stem 

glands may provide the gland cells a capacity to resist tensile and compressive 

stress as in the tendon so that the byssus stem generator (containing stem gland 

cells) could act as a connection between the muscle fibers and byssus stem fila-

ments [89, 91].  
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4.2.4 Other extracellular matrix molecules located in the zebra mussel 

soft tissues 

The unspecific labeling of laminin, decorin (DS1 and CB-1), and osteonectin in 

zebra mussel soft tissues also showed the conservation of those molecules dur-

ing evolution. Laminin is a large molecular weight glycoprotein composed of many 

distinct domains with different structures and functions. It plays an vital role in the 

formation and maintenance of the basement membrane, regulation of cell adhe-

sion, migration, and differentiation [95]. A previous immunohistochemical study 

had immunolocalized laminin 1 in a subepidermal basement membrane structure 

of bivalves Pecten jacobaeus and Mytilus galloprovincialis [74]. Our study re-

peated the immunodetection of laminin in bivalve mussels. The results confirmed 

the existence of laminin epitopes in zebra mussel soft tissues, showing that lam-

inin might be important in tissue organization in bivalves. 

Decorin is a dermatan sulfate-containing ECM proteoglycan that is involved in the 

regulation of autophagy, endothelial cell behavior, and inhibition of angiogenesis 

in vertebrates [96, 97]. In a study of eggshell bio-mineralization, a 200-kDa der-

matan sulfate proteoglycan was extracted from the eggshell and was verified with 

concentration-dependent crystal morphology modulating abilities in vitro [55]. The 

broadly positive labeling of CB-1 and DS1 antibodies in zebra mussel soft tissues 

indicates that it may be related to prohibiting biomineralization within zebra mus-

sel soft tissues. The anti- decorin antibodies DS1 and CB-1 were made to recog-

nize antigens in bovine and chicken, respectively. Besides, the initial publication 

using CB-1 antibody supposed potential structural differences in the core proteins 

of avian and mammalian PG-II (decorin) [98]. In comparison, both CB-1 and DS1 

anti-bodies reacted with zebra mussel soft tissues in our results, indicating that 

both epitopes of avian (chicken) and mammalian (bovine) decorin were ex-

pressed in zebra mussel tissues, and the mussels might be closer to the evolu-

tionary origin of decorin in the early stages of development. 

Osteonectin (SPARC) is secreted by osteoblasts in the bone of vertebrates, and 

the levels of SPARC are associated with the mineralization of collagen [56]. Dur-

ing the mineralization of zebra mussels, so far, no specific mineralization cells 

such as osteoblasts have been reported. However, in the cell-mediated shell min-

eralization hypothesis, the mantle cells seem to be involved in some processes 

of calcium carbonate mineralization which makes this function comparable to that 



4 Discussion 51 

of vertebrate bone cells [63]. The broad expression of SPARC in zebra mussel 

tissues indicates that SPARC may act as a regulator of mineral crystal formation, 

growth, and remodeling, as reported in vertebrates [99].  

In addition, the lamina propria of the stomach and intestine were labeled with 

antibodies against aggrecan, link protein, chondroitin-4-sulfate, and dermatan 

sulfate (antibody 2B6, tissue pre-digested with chondroitinase ABC and AC), a 

specific subepithelial region with mainly fibrous cells in the distal foot was labeled 

with a collagen XVIII antibody. The expression of these structural supporting ECM 

molecules in the lamina propria and distal foot region might contribute to the phys-

ical strength required in these tissues [88, 100, 101].  
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5. Summary 

It has been decades since extracorporeal shock wave treatment (ESWT) was 

applied to treat bone lesions. However, the physical-biological mechanism of the 

ESW-induced biomineralization process is still unclear. We used a newly devel-

oped mussel animal model to study the biomineralization-inducing effect of 

rESWT and the dose-effect relationship. The aquatic environment of mussels 

provides a homogeneous medium for the transmission of ESWs. It thus controls 

the shock wave energies in the dose-bioeffect relationship study of rESWT using 

zebra mussel as a biomineralization animal model. Other than the rESW-induced 

biomineralization and its dose-effect relationship, the biological mechanism of 

mussel shell mineralization is still unclear. Thus, an immunohistochemical study 

on the mineralization-related ECM molecules was also conducted on zebra mus-

sel soft tissues. 

In the first study, mussels were exposed to rESWs at different energy levels, fol-

lowed by fluorescence intensity analysis of shells by region. Compared with the 

control groups, those mussels exposed to different energy of rESWs showed a 

significantly higher fluorescence intensity in some regions. The exposure of mus-

sels in rESWT repeated the results of fESWT, which indicated that fESWT could 

induce new mineralization in shells. The results of mussels exposed to rESWT 

indicated that the rESWT could induce new mineralization in shells as that of 

fESWT. Besides, the results showed that the biomineralization induced by 

rESWT increases as the shock wave energy rises. The statistical analysis 

showed significant differences in the fluorescence intensity among groups, with 

higher energy rESWT resulting in more intensive fluorescence. Those results 

suggest that rESWT has dose-dependent biomineralization inducing effects with 

increasing biomineralization after higher energy shock waves.  

In a second study, the immunohistochemical detection of extracellular matrix 

components in the soft tissues of zebra mussels was undertaken. Our results 

regarding the expression of type IV collagen, fibronectin, and keratan sulfate in 

zebra mussel hemocytes are consistent with the hemocytes-mediated shell for-

mation hypothesis. The functions of type IV collagen, fibronectin, and keratan 

sulfate in hemocytes may be related to hemocyte-mediated biomineralization. 

Besides, type IV collagen was also labeled in the peripheral nervous systems 
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with a potential role as a basal lamina constituent. Furthermore, aggrecan and 

link protein expression was detected in the various byssus gland cells. In mam-

malian tissues, aggrecan and link protein contribute to structural stability and re-

sistance against compressive forces. The aggrecan and link protein in mussel 

byssus glands might participate in the synthesis of byssus threads or contribute 

to the structural strength of the byssus-muscle connection. In addition, some 

ECM components (laminin, decorin, and osteonectin) were found to be wide-

spread in zebra mussel tissues. They may play a role in tissue organization, pro-

hibiting biomineralization, or as a regulator of the mineral crystals formation. 

Those mammal ECM molecules detected in zebra mussel soft tissues demon-

strate the conservation of ECM molecules in evolution, provide supporting evi-

dence for hemocyte mediated shell formation hypothesis, and bring up clues for 

further study of zebra mussels as a biomineralization related animal model. 

 

 

 

 

 

 

 

 

 



6 Zusammenfassung 54 

6. Zusammenfassung  

 

Obwohl die extrakorporale Stoßwellenbehandlung (ESWT) seit Jahrzehnten zur 

Behandlung von Knochenläsionen angewendet wurde, ist der zugrundeliegende 

physikalisch-biologische Mechanismus des ESW-induzierten Biomineralisie-

rungsprozesses noch unklar. Um die Biomineralisation-induzierende Wirkung 

von sich radiär ausbreitenden extrakorporalen Stoßwellen (rESW) und die Dosis-

Wirkungs-Beziehung zu untersuchen, haben wir ein neu entwickeltes Tiermodell 

(Zebramuschel – Dreissena polymorpha) verwendet. Die aquatische Umgebung 

von Muscheln bietet ein homogenes Medium für die Übertragung von Stoßwellen 

und erlaubt eine feine Steuerung der Stoßwellenenergien und damit der Energie-

dosis, welche auf das Gewebe der Tiere einwirkt. Abgesehen von der Stoßwel-

len-induzierten Biomineralisation und ihrer Dosis-Wirkungs-Beziehung, ist der 

genaue biologische Mechanismus der die Muschelschalenmineralisierung an-

treibt noch unklar. Daher wurde auch eine immunhistochemische Studie zu Mo-

lekülen der extrazellulären Matrix (ECM) vorgenommen, um das Vorliegen po-

tentiell mineralisationsbezogener Target Moleküle im Weichgewebe von Zeb-

ramuscheln zu demonstrieren. 

 

In der ersten Studie wurden Zebramuscheln rESW in verschiedenen Energieni-

veaus ausgesetzt, gefolgt von der Analyse der Fluoreszenzintensität in den 

Wachstumsregionen der Schalen, jeweils getrennt nach Regionen sowohl in der 

linken als auch in der rechten Schalenhälfte. Im Vergleich zu den Kontrollgruppen 

zeigten die Muscheln, die unterschiedlichen Energien von rESWs ausgesetzt wa-

ren, in einigen Regionen eine signifikant höhere Fluoreszenzintensität, welche 

als Indikator für Mineralisationsvorgänge dient. Die Exposition von Muscheln in 

rESW wiederholte dabei im Wesentlichen die Ergebnisse bei Exposition in fokus-

sierten ESW. In beiden Fällen wurden Anzeichen für eine Induktion zusätzlicher 

Mineralisation in Zebramuscheln beobachtet. Die Ergebnisse von Muscheln, die 

rESWT ausgesetzt waren, zeigen, dass rESWT eine neue Mineralisierung in 

Schalen induzieren kann. Außerdem zeigten die Ergebnisse, dass die durch 

rESWT induzierte Biomineralisation mit steigender Stoßwellenenergie zunimmt. 
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Der statistische Vergleich zwischen den Gruppen zeigte, dass es signifikante Un-

terschiede zwischen der Fluoreszenzintensität zwischen Gruppen mit unter-

schiedlichen Energieniveaus gibt. All diese Ergebnisse deuten darauf hin, dass 

rESWT dosisabhängige biomineralisationsinduzierende Wirkungen aufweist und 

dass mit zunehmender Biomineralisation nach Stoßwellen mit höherer Energie 

zu rechnen ist. 

 

In einer zweiten Studie wurde ein immunhistochemischer Nachweis extrazellulä-

rer Matrixbestandteile im Weichteilgewebe von Zebramuscheln durchgeführt. Die 

Ergebnisse bezüglich der Expression von Typ-IV-Kollagen, Fibronektin und 

Keratansulfat in Zebramuschel-Hämozyten stimmen unerwartet gut mit der soge-

nannten „Hämozyten-vermittelten“ Schalenbildungshypothese überein. Die 

Funktionen von Typ-IV-Kollagen, Fibronektin und Keratansulfat in Hämozyten 

würden demnach mit der Hämozyten-vermittelten Biomineralisierung zusam-

menhängen. Außerdem wurde Typ-IV-Kollagen auch im peripheren Nervensys-

tem mit einer möglichen Rolle als Bestandteil der Basalmembran (Basallamina) 

beobachtet. Darüber hinaus wurde Aggrecan- und Link-Protein-Expression in 

verschiedenen Byssus-Drüsenzellen nachgewiesen. In Säugetiergeweben tra-

gen Aggrecan und Link-Protein zur strukturellen Stabilität und Widerstandsfähig-

keit gegen Druckkräfte bei. Das Aggrecan- und Link-Protein in den Drüsen des 

Muschel-Byssus Systems vorkommen, legt nahe, dass sie an der Synthese von 

Byssus-Fäden beteiligt sein könnten oder zumindest zur strukturellen Stärke der 

Byssus-Muskel-Verbindung beitragen. Darüber hinaus wurde festgestellt, dass 

einige extrazellulären Matrix-Komponenten (Laminin, Decorin und Osteonectin) 

in Zebramuschelgeweben weit verbreitet sind. Sie können eine Rolle bei der Ge-

webeorganisation spielen, indem sie die Biomineralisation verhindern, oder als 

Regulator der Mineralkristallbildung wirken. Diese in Weichgeweben von Zeb-

ramuscheln nachgewiesenen ECM-Moleküle von Säugetieren zeigen die Kon-

servierung von bestimmten ECM-Molekülen in der Evolution des Lebens. Dar-

über hinaus liefern die Befunde unterstützende Argumente für die Hypothese der 

„Hämozyten-vermittelten“ Schalenbildung und dienen als Grundlage für weitere 

Untersuchungen von Zebramuscheln im Zusammenhang mit Biomineralisation. 
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