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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 ps (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
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waves (fESWs and rESWSs). 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
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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-betal (TGF-B1) 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
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The penetration depth of fESWs is deeper than that of rESWSs, 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].
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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 ESWT. 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



2 Introduction 14

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-
les 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 | collagen constitutes the largest propor-
tion (over 90%) of collagens. It plays as the main component of the organic part
of the bone. Type Il collagen acts as the main collagenous component of carti-
lage. Type Il collagen is the main component of reticular fibers, usually found
alongside type | 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
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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].
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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 Bohm 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 rESWSs 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 Paperl
YZ::nta‘;I;Jf Orthopaedic Surgery and Research (2021) 16:707 Journal Of Orthopaedic
https://doi.org/10.1186/s13018-021-02852-1 Surgery and Resea rCh

RESEARCH ARTICLE Open Access

: ®
Exposure of zebra mussels to radial Pt

extracorporeal shock waves: implications
for treatment of fracture nonunions

Wenkai Wu', Nicola Maffulli**#, John P. Furia®", Lukas Meindlhumer', Katharina Sternecker', Stefan Milz' and
Christoph Schmitz'

Abstract

Background: Radial extracorporeal shock wave therapy (rESWT) is an attractive, non-invasive therapy option to
manage fracture nonunions of superficial bones, with a reported success rate of approximately 75%. Using zebra mus-
sels (Dreissena polymorpha), we recently demonstrated that induction of biomineralization after exposure to focused
extracorporeal shock waves (fESWs) is not restricted to the region of direct energy transfer into calcified tissue. This
study tested the hypothesis that radial extracorporeal shock waves (rESWs) also induce biomineralization in regions
not directly exposed to the shock wave energy in zebra mussels.

Methods: Zebra mussels were exposed on the left valve to 1000 rESWs at different air pressure (between 0 and
4 bar), followed by incubation in calcein solution for 24 h. Biomineralization was evaluated by investigating the fluo-
rescence signal intensity found on sections of the left and right valves prepared two weeks after exposure.

Results: General linear model analysis demonstrated statistically significant (p < 0.05) effects of the applied shock
wave energy as well as of the side (left/exposed vs. right/unexposed) and the investigated region of the valve (at the
position of exposure vs. positions at a distance to the exposure) on the mean fluorescence signal intensity values, as
well as statistically significant combined energy x region and energy x side x region effects. The highest mean fluo-
rescence signal intensity value was found next to the umbo, i.e,, not at the position of direct exposure to rESWs.

Conclusions: As in the application of fESWs, induction of biomineralization by exposure to rESWs may not be
restricted to the region of direct energy transfer into calcified tissue. Furthermore, the results of this study may con-
tribute to better understand why the application of higher energy flux densities beyond a certain threshold does not
necessarily lead to higher success rates when treating fracture nonunions with extracorporeal shock wave therapy.

Keywords: rESWT, Biomineralization, Mussel shell, Calcein green, Fracture non-union

Background

Extracorporeal shock wave therapy (ESWT) has become
an attractive, non-invasive option for the management of
fracture nonunions [1-3]. Current treatment protocols
recommend exact application of focused extracorporeal

*Correspondence: jfuria@ptd.net shock waves (fESWs) at the fracture line with the high-
” SUN Orthopedics of Evangelical Community Hospital, 210 JPM Rd, & s . .

Lewisburg, PA 17837, USA e§t possible energy flux der}51ty (EFD) [4, 5]. T!ns requires
This paper contains data from the Ph.D. thesis of Wenkai Wu as well as the hlgh effort and large, stationary and expensive focused
M.D. thesis of Lukas Meindlhumer. ESWT (fESWT) devices. On the other hand, recent

Full list of author information is available at the end of the article
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reports described successful treatment of fracture non-
unions of superficial bones using radial ESWT (rESWT)
[3, 6], in line with what was obtained in animal models
[7, 8], with a reported success rate of approximately 75%
[3, 6].

Both fESWs and radial extracorporeal shock waves
(rESWs) are single acoustic impulses which have an initial
high positive peak pressure between 10 and more than
100 megapascals that is reached in less than one micro-
second (ps) [9, 10]. The positive pressure is followed by
a low tensile amplitude of a few microseconds duration
that can generate cavitation [11]. The life cycle of single
fESWs or rESWs is approximately 10-20 ps [9-11]. Given
these characteristics, fESWs and rESWs fundamentally
differ from therapeutic ultrasound. Furthermore, fESWs
differ from rESWs in terms of how the shock waves are
produced, with regard to the penetration depth of the
shock waves into tissue, and in terms of their physical
characteristics [9, 11, 12].

Prior studies [3, 6] indicated that rESW'T could become
a highly attractive alternative to fESWT in the manage-
ment of fracture nonunions of superficial bone (including
the tibia, fibula, bones of the hand and foot, clavicle, etc.).
rESWT as opposed to fESWT might be advantageous, as
the former is less expensive and does not require exact
application at the fracture line (and, thus, not exact posi-
tioning using, e.g., an image intensifier). Furthermore,
treatment with rESWs is usually less painful than treat-
ment with fESWs and does not require local anesthesia
or sedation [12]. Further, EESWT devices are more widely
used than fESWT devices, and there is no scientific evi-
dence in favor of either rESWT or fESWT in terms of
treatment outcome when treating tendon and other
pathologies of the musculoskeletal system [12].

Using zebra mussels (Dreissena polymorpha) as a
model for studying biomineralization [13], we recently
demonstrated that induction of biomineralization after
exposure to fESWs is not restricted to the region of
direct energy transfer into calcified tissue [10] (detection
of newly calcified tissue was performed by exposing the
mussels to fluorescent markers that were incorporated
into the shell during biomineralization). It is currently
unknown whether this is also true for rESWs.

Accordingly, this study aimed to test the following
hypotheses: (1) as fESWs, rESWs also induce biominer-
alization in zebra mussels; and (2) there is a direct dose-
dependent effect in the formation of newly calcified
tissue after exposure of zebra mussels to rESWs (i.e., "the
more the better").

Page 2 of 9

Methods
Animals
The data presented in this paper were produced in two
experiments performed in 2018 (n=60 mussels) and
2019 (n=30 mussels). Zebra mussels (Dreissena poly-
morpha) were collected by hand from the rivers Gotz-
inger Ache (Bavaria, Germany) in March 2018 and
Schinderbach (Bavaria, Germany) in July 2019. The mus-
sels were fed ad libitum with shellfish diet in 2018 and
with Chlorella vulgaris (SAG Number 211-19; Algae col-
lection of the University of Goettingen, Goettingen, Ger-
many) in 2019 before and during the experiments. The
mussel size was measured before sacrificing according to
[14] (mean length 23 4+2.2 mm (mean =+ standard devia-
tion); width, 124+ 1.5 mm; height 11 4+ 1.2 mm).

All experiments were performed according to German
animal protection regulations which do not require reg-
istration or approval of experiments using zebra mussels.

Exposure of mussels to radial extracorporeal shock waves
The mussels were exposed to rESWs produced with a
Swiss DolorClast device (Electro Medical Systems, Nyon,
Switzerland), using the radial handpiece and 6-mm appli-
cator (Figs. 1, 2a). During the first/second experiment
performed in 2018/2019, n=10/n=>5 mussels each were
randomly selected and exposed to 1000 rESWs each
produced using an air pressure of the rESWT device of,
respectively, 0 bar (sham exposure), 2.0, 2.5, 3.0, 3.5 or
4.0 bar.

For exposure to rESWs, the mussels were fixed under
water in aquarium sand (diameter 2—3 mm; Dupla Marin
Reef Ground; Dohse Aquaristik, Grafschaft-Gelsdorf,
Germany) to disperse and, thus, minimize the reflec-
tion of rESWs (Fig. 1). Using a drill stand, the distance
between the applicator tip and the mussels was set at
2.5 mm to prevent any mechanical destruction of the
mussel valve through direct contact with the applica-
tor tip. Accordingly, the energy flux density (EFD) at 3.0
and 4.0 bar air pressure that hit the mussels was approxi-
mately 0.08 mJ/mm? and 0.11 mJ/mm? (the EFD gener-
ated using the 6 mm applicator of the handpiece of the
rESWT device shown in Fig. 1 is similar to the EFD gen-
erated using the 15 mm applicator of this device [15]; the
decrease in the EFD is almost linear between a distance
of 1 mm and 5 mm to the applicator [15]. At a distance
of 1 mm and 5 mm to the applicator, the following EFDs
were measured using the 15-mm applicator [11]: 0.1 m]/
mm? and 0.04 mJ/mm? when operated at 3.0 bar air pres-
sure, and 0.14 mJ/mm? and 0.06 mJ/mm? when operated
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|

HP, handpiece; AT, applicator tip; M, mussel; AS, aquarium sand

Fig. 1 Exposure of Zebra mussels to radial extracorporeal shock waves. a overview; b close-up view of the mussel and the metal applicator of the
handpiece of the radial extracorporeal shock wave therapy (rESWT) device under water; ¢ close-up view as in b but without water, showing the
distance between the mussel and the applicator of the handpiece of the rESWT device. Abbreviations: CU, control unit; CAT, compressed-air tube;

s ‘ 3

at 4.0 bar air pressure). The rESWs were applied at a fre-
quency of 8 Hz.

Immediately after exposure to rESWs or sham expo-
sure, the mussels were incubated in calcein solution
(10 mg/l; Product Number: C0875-5G; Sigma-Aldrich,
St. Louis, MO, USA) for 24 h. To this end, all mussels
were placed in the same aquarium which contained
six liters of calcein solution, with each group of mus-
sels in a separate glass chamber (10 x 15 x 15 cm). The
position of each glass chamber within the aquarium
was selected randomly. Afterwards, the mussels were
housed (using the same glass chambers and aquarium)
in ventilated tap water for two weeks. Then, the mus-
sels were euthanized in 70% ethanol, and the dissected
valves were dehydrated in increasing concentrations of
ethanol (70%, 80% and 90% for six days each, followed
by 100% for 12 days).

After fixation, both valves of each mussel were
degreased in xylene for six days, followed by incubation
in methanol for six days. Then, the mussel valves were
embedded in methyl methacrylate (Product Number:
800590; Sigma-Aldrich) according to [16]. Polymeriza-
tion took 14 days. Afterward, the polymerized methyl
methacrylate blocks containing the valves (one valve
per block) were cut into 400-um-thick sections along
the longest axis of the embedded valve using a ring saw
microtome (SP 1600; Leica, Wetzlar, Germany) (Fig. 2b,
c). The sections were ground and polished using a 400
CS micro-grinder (EXAKT Advanced Technologies,
Norderstedt, Germany). The final section thickness was
approximately 200 pm, measured in the middle of each
section using a digimatic micrometer (Mitutoyo, Kawa-
saki, Japan).

Measurements of fluorescence signal intensity

Images were taken using a fluorescence microscope
(Olympus BX51WI; Olympus, Tokyo, Japan) using a
4 x UPlanSApo objective (numerical aperture=0.16)
(Olympus), Alexa Fluor 488 filter (49011; Chroma, Bel-
lows Falls, VT, USA), grayscale EM CCD camera (Model
C9100-02, 1000 x 1000 pixels; Hamamatsu Photonics,
Hamamatsu City, Japan) and SOLA LED lamp (Lumen-
cor, Beaverton, OR, USA). All images were taken with the
Stereo Investigator software (64 bit, Version 11.07; MBF
Bioscience, Williston, VT, USA) and saved as 8 bit TIF
files (i.e., with gray values ranging from 0 to 255). Using
pilot measurements, the camera was adjusted so that no
image was overexposed (i.e., all gray values were smaller
than 255). This resulted in the following camera settings:
exposure time, 24 ms; sensitivity, 80; gamma, 1.0.

In line with our previous study [10], the strongest fluo-
rescence signal was found over the hypostracum (Fig. 2d).
Analysis of mussels after sham exposure indicated that
the signal over the hypostracum was indeed caused by
exposure to rESWs (Fig. 2e, f). Accordingly, measure-
ments of fluorescence signal intensity were performed
over the hypostracum, using the linear pixel plot function
of the Stereo Investigator software (MBF Bioscience).
Four measurement lines each (spanning 243+79 pum
representing 135+44 pixels, depending on the curva-
ture of the valve) were positioned over the hypostracum
as shown in Fig. 2d, representing Regions A-D indicated
in Fig. 2a. Region A was next to the umbo, Region D was
next to the shell growth zone, and Regions B and C were
in between. As in our previous study [10], the umbo itself
was excluded from the analysis because of strong auto-
fluorescence of the ligament.
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Fig. 2 Principle of exposing zebra mussels to radial extracorporeal shock waves (rESWs) and analyzing the effects on biomineralization. a Schematic
of a cross section through a zebra mussel, indication of Regions A-D on the left (AL-DL) and the right (AR-DR) valve, and sketch of the metal
applicator of the handpiece of the radial extracorporeal shock wave therapy device true to scale. b, ¢ Side view on the valve of a zebra mussel

from outside (b) and inside (c). The section plane is indicated. d Principle of investigating the formation of new mineralized tissue after exposure

of zebra mussels to rESWs using fluorescence microscopy by determining the fluorescence signal intensity (Calcein fluorescence imaging) along
the indicated green line over the hypostracum. The blue arrow indicates an artifact that was caused by the methodology used for generating the
sections, resulting in irregular fluorescence signal intensity. e, f Representative linear pixel plots of the fluorescence signal intensity (in arbitrary
units) along the red line shown in d, demonstrating high fluorescence signal intensity values specifically over the hypostracum after exposure

to rESWs produced at 3.5 bar (e) but not after sham exposure (f). Abbreviations: U, umbo; P, periostracum; H, hypostracum; GZ, growth zone; out,
outside surface of the muscle valve; in, inside surface of the muscle valve; m, maximum fluorescence signal intensity found over the hypostracum.

Statistical analysis

For each group of mussels (ie., each intensity of the
rESWs) mean and standard deviation of side- and region-
specific fluorescence signal intensities were calculated.
Outliers were identified using the Tukey’s fences method
[17] (with k> 1.5 indicating an outlier) and removed (out-
lier values were most probably caused by the methodol-
ogy used for generating the sections, in particular by
grinding and polishing). The corresponding calculations

were performed using GraphPad Prism (Version 9.2.0
for Windows; GraphPad Software, San Diego, CA, USA).
Fifty-seven out of the 720 individual data (six groups of
mussels x 15 mussels per group x two valves per mus-
cle x four regions per valve) (7.9%) were identified as
outliers. The absolute and relative numbers of valves with
0/1/2/3/4 outlier values in their respective group were
145/21/9/2/3 and 80.6%/11.7%/5.0%/1.1%/1.7%, respec-
tively. After removal of outliers, there were at least 12
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4.0 bar

Fig. 3 Representative photomicrographs of sections of the left valve of zebra mussels exposed to radial extracorporeal shock waves as shown in
Fig. 2a produced with 0 (a), 2.0 (b), 2.5 (c), 3.0 (d), 3.5 (e) and 4.0 (f) bar. In order to correctly identify the individual layers of the valves, the brightness
of the images was greatly increased as shown in Panels a'to f' Abbreviations: out, outside surface of the mussel shell; P, periostracum; O, ostracum;
H, hypostracum; in, inside surface of the mussel shell. The scale bar in f’ represents 300 pm in a—f

Table 1 Mean and standard deviation of energy-, side (left/right)- and region (regions A-D as shown in Fig. 2a)-specific fluorescence
signal intensity values (arbitrary units)

Bar AL AR BL BR CL CR DL DR

0 9.94+08(14) 104+£1.3(15) 10.84+2.1(15) 14+08(14)  107+£1.0(15) 10.54+0.9 (14) 99406 (15 100£0.7(15)
20 10.8+0.9(15) 11.3+£21(13) 103+1.1(15) 10.7+£09(13) 106+0.9(14) 11.5+£1.2(14) 101£1.004) 109+£13(14)
25 2574+£226(14) 122+32(14) 126+22(12) 130+£43(14) 124+£24(12) 122+£27(014) 155£73(15) 11.0£14(15)
3.0 189+128(14) 183£120(15 177100014 117%£17(13) 167£8.0(15) 124+28(13) 104£12(13) 103x07(12)
35 183+£157(14) 109+36(12) 132+6.7 (13) 115£33012)  11.1+£22(12) 11.5£31(013) 108%£19(13) 113£29(14)
4.0 328+326(15) 455+£513(15 309430714 107£13(12) 224+£191(13) 109+09(14) 127+£35(14) 10.7+09(15)

The numbers in parentheses indicate the number of values per group after removal of outliers.
L, left; R, right
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Fluorescence signal intensity Q)
[arbitrary units]

cL
Region DL

Fig.4 3D histograms of the mean fluorescence signal intensity values found over Regions AL-DL (a) and AR-DR (b) shown in Fig. 2a as a function of
the air pressure (0, 2.0, 2.5, 3.0., 3.5 and 4.0 bar) used to produce the radial extracorporeal shock waves

Fluorescence signal intensity T
[arbitrary units]

Region DR

(out of 15 maximally possible) values available for each
combination of energy, side and region.

Then, differences in mean fluorescence signal intensi-
ties were investigated using general linear model analy-
sis, with energy (i.e., the intensity of the rESWs), side
(left/exposed vs. right/unexposed) and region (regions
A-D shown in Fig. 2a) as fixed factors and the averaged
fluorescence signal intensities (one value each per mus-
sel, side and region) as depending factor. Post hoc analy-
ses (energy, region) were performed using Bonferroni’s
multiple comparison test. Calculations were performed
using SPSS (Version 26.0.0.0; IBM, Armonk, NY, USA).
P values smaller than 0.05 were considered statistically
significant.

Results

Qualitative analysis of the left (exposed) valves indicated
a dose-dependent increase in the fluorescence signal
intensity particularly over the hypostracum (Fig. 3).

Table 1 summarizes mean and standard deviation of
energy-, side- and region-specific fluorescence signal
intensity values; Fig. 4 provides a three-dimensional (3D)
graphical representation of the mean values. The results
of the statistical analysis are listed in Table 2.

Figure 4 indicates energy-, side- and region-specific
differences in mean fluorescence signal intensity values.
In line with this, general linear model analysis dem-
onstrated statistically significant effects of the applied
shock wave energy (p<0.001) as well as of the side
(»p=0.018) and the investigated region (p<0.001) on
the fluorescence signal intensity values, as well as statis-
tically significant combined energy x region (p <0.001)
and energy x side x region (p =0.005) effects (Table 2).
The highest mean fluorescence signal intensity val-
ues were found in Region A, i.e., next to the umbo
(Table 1). Post hoc Bonferroni tests demonstrated
statistically significant differences between the mean

fluorescence signal intensity values measured in Region
A compared to the mean fluorescence signal intensity
values measured in all other regions, but no statistically
significant differences between the mean fluorescence
signal intensity values measured in Regions B, C and D
(Table 2). Furthermore, post hoc Bonferroni tests dem-
onstrated statistically significant differences between
the mean fluorescence signal intensity values obtained
after exposure of mussels to rESWs produced at 4.0 bar
and the mean fluorescence signal intensity values
obtained after exposure to rESWs produced at, respec-
tively, 0, 2.0, 2.5, 3.0 and 3.5 bar, but no statistically sig-
nificant differences between mean fluorescence signal
intensity values obtained after exposure to rESWs pro-
duced at respectively 0, 2.0, 2.5, 3.0 or 3.5 bar (Table 2).

Discussion

This study demonstrated that exposure of zebra mus-
sels to rESWs had an effect on the biomineralization of
the mussel valve, in a complex, dose- and region-specific
manner.

The decrease in the mean fluorescence signal intensity
values from the umbo (Region A) to the growth zone
(Region D) found in this study was in line with earlier
results obtained after exposure of zebra mussels to fESWs
[10], representing the physiological mineralization pro-
cess of mussel shells [18, 19]. The increased fluorescence
signal intensity after exposure to rESWs was detected
over the hypostracum, i.e., the shell layer which reacts
with increased biomineralization after shell injuries [20,
21].

On the other hand, there was a substantial difference
between the results of this study (exposure to rESWs) and
our earlier study (exposure to fESWs). Specifically, after
exposure of zebra mussels to fESWs, no statistically sig-
nificant difference was found in the mean fluorescence
signal intensity values between the exposed (left) and
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Table 2 Outcome (P values) of the statistical analysis of the data shown in Table 1
Results of general linear model analysis P
Energy <0.001
Side 0.018
Region <0.001
Energy x side 0462
Energy x region <0.001
Side x region 0.509
Energy x side x region 0.005
Region A Region B Region C
Comparison with P Comparison with P Comparison with P
Results of post hoc Bonferroni tests comparing different regions (A-D, shown in Fig. 2a) with each other
Region B <0.001
Region C <0.001 Region C 1.000
Region D <0.001 Region D 0399 Region D 1.000
4 bar 3.5 bar 3.0 bar 2.5 bar 2.0 bar
Comparison with P Comparison with P Comparison with P Comparison P Comparison P

with with

Results of post hoc Bonferroni test comparing different energy settings with each other
3,5 bar <0.001
3 bar <0.001 3 bar 1.000
2,5 bar <0.001 25bar 1.000 2.5 bar 1.000
2 bar <0.001 2 bar 1000 2 bar 0278  2bar 0478
0 bar <0.001 O bar 1.000 0 bar 0.100 O bar 0.185  Obar 1.000

P <0.05 are given boldface

unexposed (right) valves [10], which was different in this
study (Fig. 4; Table 2). This was most probably caused
by differences in the applied shock wave energy: expo-
sure to fESWs was performed with EFD =0.4 mJ/mm? in
[10], whereas, in the present study, the highest EFD was
approximately 0.11 mJ/mm? Thus, the lower EFD of the
rESWs applied in this study was likely too low to result
in a similar biological reaction (i.e., induction of biomin-
eralization in both the exposed and unexposed valves)
than the much higher EFD of the fESWs applied in our
previous investigation [10]. In that study, even though
the fESW energy could not reach the unexposed mussel
valve, a biological reaction on both sides was triggered,
probably caused by the high EFD of the fESWs applied
[10]. In the present study, the energy of the rESWs was
apparently high enough to activate cells of the shell epi-
thelium to induce biomineralization in the exposed valve.
However, the energy was probably too low to activate
cells inside the soft body, e.g., the hemocytes carrying
crystals or the crystal formation related cells [21-23].
This will be addressed in detail in future studies.

The following, unexpected results of this study could
not be explained. First, the highest mean fluorescence

signal intensity values were found in Region AR (i.e., on
the unexposed valve) after exposure of the mussels to
rESWs produced at 4.0 bar air pressure. One possible
explanation was the proximity of this region to the umbo.
(Note that on the exposed valve the highest mean fluo-
rescence signal intensity values were also found in Region
A)

Second, almost no difference in the mean fluores-
cence signal intensity values was observed at Region AL
between mussels exposed to rESWs produced at respec-
tively 0 bar (sham exposure) or 2.0 bar air pressure,
whereas the valves of mussels exposed to rESWs pro-
duced at 2.5 bar air pressure showed a much higher mean
fluorescence signal intensity value at Region AL. The
latter even exceeded the mean fluorescence signal inten-
sity values at Region AL of those mussels which were
exposed to rESWs produced at, respectively, 3.0 bar and
3.5 bar. The reason for this phenomenon, which occurred
independently in both experiments performed in 2018
and 2019 (details not shown), is unknown. In any case,
this phenomenon could indicate, for the first time, that
there is no direct relationship between the applied EFD
of extracorporeal shock waves (ESWs) and the extent of
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Fig.5 Success rate (defined as the relative number of patients with radiographic union confirmed six months post focused extracorporeal shock
wave therapy (fESWT)) as a function of the energy flux density (EFD) of individual focused extracorporeal shock waves (fESWs) (a) as well as the
total EFD (individual EFD multiplied with the number of applied fESWs per treatment session and the number of treatment sessions) (b) in those
16 clinical studies on fESWT for treating fracture nonunions listed in Table 1 in [3] for which both the EFD of the applied fESWs and the success rate
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biomineralization in the target tissue. In this regard, it is
of note that there was no direct relationship between the
EFD of the applied fESWs and the success rate (defined as
the relative number of patients with radiographic union
confirmed six months post fESWT) in those 16 clinical
studies on fESWT for treating fracture nonunions listed
in Table 1 in [3] for which both the EFD of the applied
fESWs and the success rate were reported (Fig. 5). Taken
together, the results of this study may provide a reason
for the phenomenon shown in Fig. 5, combined with the
insight that higher EFDs beyond a certain threshold do
not necessarily lead to higher success rates in treatments
of fracture nonunions using ESWT. Further investiga-
tion of this phenomenon may be difficult using vertebrate
animal models, considering the high number of animals
which would be required. As such, exposure of zebra
mussels to rESWs (as well as to fESWs) may become
an attractive animal model in future research into the
molecular and cellular mechanisms of ESWs in the man-
agement of fracture nonunions under consideration of
the principles of the 3Rs (Replacement, Reduction, and
Refinement) in research involving animal models.

Limitations

This study has several limitations. One limitation is the
use of a non-vertebrate animal model in research focus-
ing on treatments of bone injuries. However, the prin-
ciples of biocalcification in invertebrates with calcified
tissues, particularly mussels, show, despite their differ-
ent mineral types, many similarities to those observed
in vertebrate bone (details are provided in [10]). Another
limitation is that this study did not contribute to bet-
ter understand the molecular and cellular mechanisms
of ESWs in the management of fracture nonunions.

However, this was beyond the scope of this study, which
focused on the analysis of the mussels’ hard tissue after
exposure to rESWs. A third limitation was that only one
time point after exposure to rESWs was investigated.
However, this may be of limited importance consider-
ing that, in the treatment of fracture nonunions with
ESWT, treatment success is considered as evidence of
radiographic union six months after the end of ESW
treatment.

Conclusions

As in the application of fESWs, induction of biominer-
alization in hard tissue by exposure to rESWSs may not be
restricted to the region of direct energy transfer into cal-
cified tissue. Furthermore, the results of this study may
contribute to better understand why the application of
higher EFDs beyond a certain threshold does not neces-
sarily lead to higher success rates when treating fracture
nonunions with ESWT.
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Abstract: Mussels have been used as animal models for studying ecotoxicology, biomineralization,
and bio-adhesion for many years. Despite a wealth of studies on their shell matrix and byssus
proteins, few studies have focused on the extracellular matrix molecules in mussel soft tissues.
Extracellular matrix molecules may play important roles in biomineralization, immune reaction, and
tissue homeostasis. In the present study, extracellular matrix and mineralization-related molecules
in zebra mussel soft tissue were immunolocalized using well-characterized monoclonal antibodies.
Our results demonstrate specific immunolocalization for collagen IV, fibronectin, and keratan sulfate
in hemocytes; collagen IV in peripheral nerves; and aggrecan, link protein, and collagen XVIII in
foot tissue. Laminin, decorin, and osteonectin were also broadly immunolocalized in mussel soft
tissues. The distributions of these extracellular matrix molecules in mussel tissues are in line with the
cell-mediated shell mineralization hypothesis, providing evidence for the molecules involved in the
peripheral nervous system and byssus formation, and explaining the conservation of extracellular
matrix molecules during evolution. These results further contribute to establishing zebra mussels as
an attractive animal model in biomedical research.

Keywords: zebra mussel; extracellular matrix; biomineralization; mollusk; proteoglycans; adhesion

1. Introduction

Mollusks are the second-largest phylum of invertebrate animals on earth, occurring in
marine, freshwater, and terrestrial habitats [1]. They comprise a diversity of marine and
freshwater mussels and clams (also referred to as bivalves) which play an important role in
ecosystem processes, e.g., by contributing to water purification [2-4] or acting as ecological
engineers [5]. In addition, mussels have also become prominent targets of bionics and
human-centered research. Biomineralization mechanisms of shells, bio-adhesive molecules
in byssus, and bio-indicator usages for the detection of toxic chemicals [6,7] have all been
of particular interest. However, apart from the shell and byssus, few studies have dealt
with the extracellular matrix of the soft body tissues within bivalves [8].

The extracellular matrix is a cell-secreted and -maintained three-dimensional frame-
work present in almost all tissues and organs. The emergence of the extracellular matrix
promoted the evolution from unicellular organisms to multicellular organisms. The ex-
tracellular framework plays important roles in tissue organization, modulation of innate
immune response, cell adhesion, and structural support [9], as well as in signal transduction
and regulation of many cell functions during growth, differentiation, migration, regener-
ation, and degeneration [10]. The extracellular matrix contains collagen, proteoglycans,
glycosaminoglycans, many glycoproteins, and, in certain cases, enzymes [11]. During the
evolution of Metazoa from the sponges to vertebrates (including the human species), a
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surprisingly large number of extracellular matrix components were conserved [12]. The
investigation of extracellular matrix molecules in different species can help to better un-
derstand the evolutionary path of biological structures, functions, mechanisms in certain
tissues, and the effects of pathogens or toxicants on these functions and mechanisms. This
especially relates to mineralized tissues, because, despite the universal use of calcium as a
prevailing mineral, mussels and vertebrates differ regarding the use of certain anions [13].

The present study was conducted using soft tissues of the zebra mussel (Dreissena
polymorpha) which is a well-explored animal model in environmental and toxicological
studies [14,15]. Zebra mussels can be bred and maintained under controlled laboratory
conditions, which allows systematic testing of external factors on this species. In an
environmental context, they are already used as bioindicators, for example, to assess
chemical contamination since they are sessile animals and represent the conditions from
the site they were collected [16].

Shell mineralization in mussels has been regarded as a prototypical biomineraliza-
tion model in nature. Consequently, we previously used zebra mussels for studying the
stimulation of bio-mineralization after exposure to extracorporeal shock waves [17,18].
The motivation behind these studies was the fact that extracorporeal shock wave therapy
(ESWT) is one of the most promising approaches for treating fracture nonunions [19];
however, the underlying molecular and cellular mechanisms of induced bio-mineralization
following ESWT are only poorly understood and cannot be comprehensively investigated
in a realistic context using cell culture models only. We also used zebra mussels for studying
disturbed bio-mineralization after exposure to possible aetiological factors of molar—incisor
hypomineralization (MIH) (including bisphenol-A), which may pave the way for better un-
derstanding of the pathogenesis of MIH, for which no treatment is currently available [20].

In comparison with human osteoblast- and osteoclast-mediated mineralization [21,22],
the question arises whether the mineralization-related extracellular matrix molecules typ-
ically present in mammalian mineralized tissues are also present in certain mussel soft
tissues. To address this question, a panel of well-characterized monoclonal antibodies
that have previously been demonstrated in mammalian (especially human) extracellular
matrix tissues were selected for immunohistochemical staining. The set of antigens inves-
tigated in this study comprises collagens, glycosaminoglycans, proteoglycans, and basal
lamina-related antigens. Specifically, we hypothesized a high degree of conservation of
certain extracellular matrix molecules during evolution. Therefore, we demonstrate that a
set of antibodies, originally developed for use in mammalian tissues, are also recognizing
epitopes in zebra mussel soft tissue.

2. Materials and Methods

All mussels (n = 7, 3 males and 4 females) investigated in this study originated from
the river Ischler Achen (Upper Danube Drainage, Bavaria, Germany) and from the river
Schinderbach (Bavaria, Germany) in July 2014 and February 2020. Mussels with a shell
length of over 2 cm from anterior to posterior were selected and maintained in individual
holding units at the Aquatic System Biology Unit, Technical University of Munich (Freis-
ing, Germany). The mussels were incubated in multi-well plates (VWR catalog number:
734-2323, VWR part of Avantor, Radnor, Pennsylvania, U.S.) which were fixed in a bucket.
The bucket was filled with 10 L groundwater (dissolved oxygen 12.5 £ 2.1 mg/L,
pH 7.98 4+ 0.21, electric conductivity at 20 °C 1049 + 55 mS/cm?) at a mean tempera-
ture of 12.5 °C and with 30% of the water changed daily. Mussels were fed by adding
0.2 mL/L Shellfish Diet 1800 (Reed Mariculture, Campbell, CA, USA) to the incubation
water once per week before the immunohistochemical experiments were conducted [23,24].

All experiments were performed according to German animal protection regulations.
No requirement of registration or approval of experiments was necessary for the investiga-
tion of zebra mussels, which are considered invasive invertebrates in Germany.

Mussels were acclimatized to experimental conditions for 2 weeks before sacrificing
them by immersion into 70% (v/v) ethanol for 48 h. Shells were opened by severance of
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the adductor muscle. Soft bodies were carefully removed and post-fixed in 70% ethanol
followed by standard gradient dehydration and subsequent embedding in paraffin (short
protocol: 70%, 80%, 96%, 100%, 100% ethanol (dehydration), xylol-1, xylol-2 (clearing),
paraffin-1, paraffin-2, paraffin-3 (embedding), 3 h for all steps mentioned). Alcohol fixa-
tion has proven useful in studying mammalian tissues, preserving the antigenicity of the
extracellular matrix antigens that we aimed to investigate in this study. Routine paraffin
embedding was processed using an automated tissue processor (Leica ASP 200S; Leica Mi-
crosystems, Nussloch, Germany). Using a LEICA SM2010R microtome (Leica Biosystems),
paraffin blocks were serially sectioned into slides of 7 um thickness along the standard
ventral-dorsal plane, allowing all major organs and tissues (mantle, gill, digestive gland,
gonad, foot, and byssus gland) to be incorporated into one single histological section [25].
A sketch drawing of mussel soft body sections in the cutting plane is shown in Figure 1
with anatomical structures marked [26]. For immunohistochemical labeling, a distinct
magenta chromogen (EnVision FLEX HRP Magenta Substrate Chromogen System, GV925;
Dako, Copenhagen, Denmark) was chosen because the mussels contained high quantities
of dark brown endogenous pigment and the reddish color of the magenta chromogen was
better discernable from: it.

Sections were processed with immunohistochemistry using a panel of mouse mono-
clonal antibodies against collagens (type IV and XVIII), glycosaminoglycans (chondroitin
4 and 6 sulfates and keratan sulfates), proteoglycans (aggrecan, link protein, versican,
decorin), and other matrix proteins (fibronectin, laminin, osteonectin). Reduction and alky-
lation were conducted according to a scheme described in Milz et al. [27] and were applied
prior to the enzyme pretreatment. The activity of endogenous peroxidase was blocked
with 3% (v/v) hydrogen peroxide in methanol for 30 min and the non-specific binding
was reduced by incubating sections with 2.5% (v/v) normal horse serum (S5-2012, Vector
Laboratories, Burlingame, CA, USA) for 60 min at room temperature. Antibody binding
was detected with a sensitive Dako EnVision+ System- HRP Labeled Polymer (K4001; Dako,
Copenhagen, Denmark) and visualized with an EnVision FLEX HRP Magenta Substrate
Chromogen System (GV925; Dako, Copenhagen, Denmark), resulting in a strong, reddish
signal. Counterstaining was performed using Mayer’s hematoxylin. For control sections,
the primary antibody was replaced by phosphate-buffered saline. Primary antibody incu-
bation was performed overnight at 4 degrees Celsius in a moist chamber. The secondary
antibody detection system (Dako EnVision+ System-HRP Labeled Polymer, K4001; Dako,
Copenhagen, Denmark) was used according to the manufacturers’ recommendation. An
example protocol of the entire procedure is provided in Table 1; full details of the antibodies
and specific pretreatments are provided in Table 2.

A potential obstacle relates to the fact that mussel hemocytes contain several en-
zymes [28], and the peroxidases, especially, might react with the magenta chromogen
visualization system, which could result in false positives. In order to avoid this, the
endogenous peroxidases were inactivated with 3% hydrogen peroxide in methanol for
30 min. Compared to other immunohistochemical protocols, usually applied in mammalian
tissues, this is a long blocking step which we adopted after several pilot trials conducted
for optimization of the labelling procedure. A further methodological precaution was to
strictly limit the time for the magenta chromogen incubation to 5 min to avoid non-specific
background staining.

The specimens were analyzed with a light microscope (Axiophot Photomicroscope,
Carl Zeiss Microscopy, Oberkochen, Germany) equipped with Plan-Neofluar objectives
(20x /0.50, 40x /0.75 Carl Zeiss Microscopy, Oberkochen, Germany) and an Axiocam HRc
(Carl Zeiss Microimaging, Goettingen, Germany) digital camera using Zeiss Axiovision
software (version 4.9.1 SP2). Photographs were taken at the same magnification and
exported as TIFF files, which were finally adjusted for brightness and contrast using Adobe
Photoshop CS4 (version 11.0; Adobe Systems, CA, USA). Care was taken that the original
appearance of the material remained unchanged.
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Figure 1. Overview of a Dreissena polymorpha mussel soft body histology section stained with Mayer’s
hematoxylin (a) and a sketch drawing of the soft body with the most important anatomical structures
indicated (b). The scale bar in (a) represents 1 mm. Note that not all structures shown in the sketch
drawing are visible in the histological section. The mussel’s body is surrounded by mineralized
tissues (shells) which are represented by the outer thick black line. The soft tissue next to the shell is
the mantle (M), which is involved in the cell-mediated mineralization process. The two shell valves
are connected by the muscles (PAM, posterior adductor muscle), foot (F), and byssus apparatus
(containing the byssal stem (S), byssus thread (T), byssus plaque (P), byssus stem gland (BSG), byssus
accessory gland (BAG), byssus collagen gland (BCG), byssus phenol gland (BPG), and posterior
byssal retractor muscle (PBRM)). The muscles are innervated by nerves and ganglia (PG: pedal
ganglion, VG: visceral ganglion, CG: cerebral ganglion, N: peripheral nerves). The intestinal system
has several parts (DG: digestive glands, St: stomach, C: crystalline style, LP: labial palp) and is in
close connection to the gills (G) and gonads (Go). Additional abbreviations: IMR, inter mantle region;
IS, inhalant siphon; ES, exhalant siphon; EFS, extrapallial fluid space; SR, the subepithelial region in
the distal foot.
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Table 1. Inmunohistochemistry protocol for detection with the DAKO Envision system. All steps
were performed at room temperature if not otherwise stated.

Step Procdure Time/Temperature
1 Removal of paraffin with Xylene 3 x 5min
2 Descending Alcohols
2a 100% Ethanol 2 x 5min
2b 90% Ethanol 1 x 5min
2c 80% Ethanol 1 x 5 min
2d 70% Ethanol 1 x 5min
2e Tap water 1 x 5min
3 Reduction and Alkylation protocol to be performed here, if necessary
To prepare reduction buffer (250 mL), (i) dissolve 50 mM Tris (121,1 g/mol; 1.51 g) and
3a 200 mM NacCl (58.4 g/mol; 2.92 g) in 200 mL distilled H,O; (ii) measure pH and bring to
7.35 pH with HCJ; then (iii) add distilled H, O until 250 mL *
3b Reduction working solution: DTT 10 mM (100 mL reduction buffer + 0.154 g DTT) 2hat37°C
3¢ Alkylating working solution: iodoacetamide 40 mM (0.74 g in 100 mL PBS) ** lhat37°C
4 Washing with PBS + Tween 1 x 5min
5 3% Hydrogen peroxide in methanol (10 mL 30% H>O5 + 90 mL 100% methanol) 30 min
6 Washing with PBS + Tween 3 x 5min
7 Enzyme pre-treatment (primary antibody specific) 30 minat37°C
8 Washing with PBS + Tween 3 x 5min
9 Blocking with 2.5% normal horse serum (vector RTU) (discard excess serum; do not wash) 60 min
10 Primary antibody incubation in moist chamber (control with PBS) Overnightat 4 °C
11 Washing with PBS + Tween 3 x 5min
1 DAKO EnVision Syst'em (K4001) for mouse primary anti.bodje's (goat anti-mouse 30 min
secondary antibody labelled with HRP-polymer) in moist chamber
13 Washing with PBS + Tween 3 x 5min
14 Dako EnVision Flex magenta chromogen (GV925) 5 min
15 Washing with tap water 1 x 5 min
16 Counterstaining with Mayer’s hematoxylin 20s
17 De-staining with tap water 15 min
18 Mounting and coverslipping with Kaiser’s Glycerol Gelatine

Notes: * This solution can be stored for approximately one week in a fridge at 4 °C. ** Jodoacetamide stabilizes
broken disulphide bonds and thus retains the reduction state for a longer period, despite the air oxygen, which
reverses the reduction by oxidation; therefore, sections can be kept in a moist chamber and stored in a fridge
at 4 °C overnight. The immunohistochemical protocol can be performed on the following day. Abbreviations:
DTT, 1,4-dithiothreitol (Cleland’s reagent); h, hour; HRP, horse radish peroxidase; min, minutes; mM, millimolar;
PBS, phosphate-buffered saline; sec, seconds; RTU, ready-to-use; Tris, Tris base (2-amino-2-(hydroxymethyl)-1,3-
propanediol); Tween, Tween 20 (polyethylene glycol sorbitan monolaurate) (use at 0.1%).

Table 2. List of monoclonal antibodies used in this study, together with their dilutions, pretreatments,
and sources. All the antibodies are mouse monoclonals. Abbreviations: DSHB, developmental studies
hybridoma bank; Ch ACII, chondroitinase ACII (Sigma); Ch ABC, chondroitinase ABC (Sigma); Hyal,
hyaluronidase (Sigma). Antibodies 2B6, 3B3,1/20/5-D-4 were gifts from B. Caterson.

Antigen Antibody Dilution Pretreatment Source

Collagen IV MB3F7 1:5 Hyal. (1.5 UmL ™) DSHB
Collagen XVIII 6C4 1:5 PBS DSHB
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Table 2. Cont.
Antigen Antibody Dilution Pretreatment Source
Chondroitin-4 sulfate 2B6 1:150 Ch. ACIT(0.125U mL™ 1) B. Caterson
Dermatan and chondroitin-4 sulfate 2B6 1:150 Ch. ABC (025 UmL™}) B. Caterson
Chondroitin-6 sulfate 3B3 1:80 Ch. ABC (0.25 U mL™) B. Caterson
Keratan sulfate 1/20/5-D4 1:150 PBS B. Caterson
Keratan sulfate MZ15 15 PBS DSHB
Decorin/dermatan sulfate proteoglycan DS1 1:5 Ch. ACII (0.125U mL™1) DSHB
Decorin/dermatan sulfate proteoglycan CB-1 1:5 Ch. ACIT(0.125U mL ™) DSHB
Fribronectin HFEN 7.1 1:5 PBS DSHB
. Reduction & Alkylation
Aggrecan 12/21/1-C-6 15 Ch. ACIT (0.125U mL-1) DSHB
: ; : Reduction & Alkylation
Link protein 9/30/8-A4 15 Ch. ACII (0.125 U mL-?) DSHB
Osteonectin AONI1 15 PBS DSHB
Laminin 2E8 1:5 PBS DSHB

3. Results

All mussel individuals presented consistent staining patterns in somatic and gonad tis-
sues. The results of immunohistochemical labeling could be broadly categorized as follows:
(i) Antibodies for collagen IV (M3F7), collagen XVIII (6C4), fibronectin (HFN?7.1), keratan
sulfate (MZ15), chondroitin-4 sulfate, and dermatan sulfate (2B6, with chondroitinase
ABC/AC pretreatment), aggrecan (12/21/1-C-6), and link protein (9/30/8-A-4) labeled
distinct anatomical structures in zebra mussel soft tissues. The results for all antibodies
which labeled at least one region of the zebra mussel soft tissue are summarized in Table 3.
(ii) Antibodies for laminin (2E8), decorin (CB-1, DS1), and osteonectin (AON-1) labeled
many structures in zebra mussel soft tissues, without preference for a particular cell or
tissue type. (iii) Positive labeling of keratan sulfate antibody MZ15 in hemocytes was
not matched by another keratan sulfate antibody (1/20/5-D-4), which did not result in
any labeling in zebra mussel soft tissues. (iv) Antibodies for chondroitin-6 sulfate (3B3,
with chondroitinase ABC pretreatment) did not label any zebra mussel soft tissue. The
immunohistochemical results of this study were not influenced by the sex of the mussels,
except a higher number of hemocytes in testis than ovaries are cited.

3.1. Collagen 1V, Fibronectin, and Keratan Sulfate (MZ15)

Collagen IV antibody was strongly labeled in the peripheral nerves and parts of
the ganglions (including the visceral, pedal, and cerebral ganglions) of zebra mussels
(Figure 2a—d). Within the intensively stained nerves, individual cell nuclei (of glia or
supporting cells) could be recognized along with each axon (inset in Figure 2c). The labeled
regions of ganglions were located mainly in the transition zone from the ganglion to the
peripheral nerves and did not cover perikarya (Figure 2¢c). Along with the nerve and
ganglion, some positively labeled hemocytes could be observed as well (Figure 2c). Besides
collagen IV, fibronectin and keratan sulfate (MZ15) antibodies were both strongly positive
in hemocytes, with distribution in the gonads, gills, muscle tissues, and central and edge
regions of the mantle. Distribution of the positive hemocytes was mainly in the gonads
(among germinal tissue of testis (Figure 2e,f) and side regions of ovaries), gills, inter-mantle
spaces (central mantle region, shown in Figure 2i), mantle edge regions (Figure 2g,h), and
among muscle fibers (Figure 2j,k). Although most hemocytes were labeled by the three
antibodies, a small number of hemocytes remained unlabeled.

The positive hemocytes were mainly large, round, hyalinocytes-like cells, with strong
positive reactions in the cytoplasm (Figure 2e,i). No significant morphological differ-
ence was noticed within those positive hemocytes. A large number of immunoposi-
tive hyalinocyte-like cells could be observed in the gonads (Figure 2e,f), as described
by Evariste et al. [29].
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Table 3. Summary of the immunohistochemical labeling profile of specific regions of the soft body
of Dreissena polymorpha found in this study. Results for antibody labeling per region. The numbers
indicate the number of positive labeled regions (1 = 7 specimens per group, 3 males and 4 females).
(Abbreviations: Go: gonads, G: gill, M: mantle, IMS: inter-mantle space, PG: pedal ganglion, VG:
visceral ganglion, CG: cerebral ganglion, PAM, posterior adductor muscle, PBRM: posterior byssal
retractor muscle, BSG: byssus stem gland, BCG: byssus collagen gland, BAG: byssus accessory gland,
SR: subepithelial region in the distal foot, St/In: stomach/intestine lamina propria, C: crystalline
style, DSP: dermatan sulfate proteoglycan, Cés: chondroitin-6 sulfate, C4s: chondroitin-4 sulfate.)

Hemocytes l\sl;?t:: Muscle Foot D(lf_;::‘;e

. PG/VG/ PAM/
Antigen Go G M IMS G N pgrm BSG  BCG BAG SR S¢/In  C
Collagen IV 7 7 7 7 4 7 0 0 0 0 0 0 0
Collagen XVIII 0 0 0 0 0 0 7 0 0 0 5 0 0
Fribronectin 4 4 2 4 0 0 3 0 0 0 0 0 0
Keratan sulfate (MZ15) 7 7 6 7 0 0 0 0 0 0 0 0 0
C4s (2B6 + Ch.ACII) 0 0 0 0 0 0 0 0 0 0 0 7 4
Dermatan and C4s (2B6 + Ch.ABC) 0 0 0 0 0 0 0 0 0 0 0 7 4
Aggrecan 0 0 0 0 0 0 7 7 4 5 0 2 0
Link protein 0 0 0 0 0 0 7 7 0 0 0 5 0
Osteonectin b 5 H 5 4 4 5 4 4 3 4 4 0
Laminin 6 6 6 6 4 5 7 7 4 3 4 5 0
Decorin/DSP (DS1) 7 7 7 7 4 7 7 7 3 3 5 5 0
Decorin/DSP (CB-1) 7 7 7 7 4 7 7 7 3 3 5 5 0
Cés (3B3 + Ch. ABC) 0 0 0 0 0 0 0 0 0 0 0 0 0
Keratan sulfate (1/20/5-D-4) 0 0 0 0 0 0 0 0 0 0 0 0 0

Figure 2. Cont.
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Figure 2. Nerve and hemocyte labeling in Dreissena polymorpha tissue (the immunohistochemical
signal is in magenta). All scale bars represent 50 pm, with the exception of the inset (*) in (c,j), which is
25 um. (a) Collagen IV-labeled nerve fiber bundle surrounded by non-labeled oocytes (O). (b) Control
to (a), showing a nerve fiber bundle (N). (c) Partially collagen IV-labeled ganglion (G). Note that most
of the nerve cells (Nc) are not labeled, while the branching fibers show dye deposits. This is shown
at higher magnification in the inset in (c). (d) Control to (c). (e) Collagen IV-positive hemocytes (H)
in the germinal tissue of testis (T). Note that the tissue used for spermiogenesis (SG) is not labeled.
(f) Control to (e). (g) Fibronectin labeling of hemocytes (H) in mantle edge region; muscular fibers
(Mf) remain unstained. (h) Control to (g). (i) Distinct labeling for collagen IV exhibited by a number
of hemocytes (H) in the central mantle. Note that not all hemocytes are labeled. Furthermore, the
outer mantle epithelium (OME) in the mantle edge region exhibits a dark brown pigmentation. EFS:
extrapallial fluid space. (j) Muscle tissue with collagen 4-positive labeled hemocytes. The muscle
fibers are not labeled. (k) Keratan sulfate (antibody MZ15) labeling in a few hemocytes among muscle
fibers (M).

3.2. Aggrecan, Link Protein, Collagen XVIII, and Glycosaminoglycans

Immunolabeling for aggrecan and link protein was found in muscle fibers (Figure 3a—c),
byssus stem gland cells (Figure 3a—c), and the lamina propria of the stomach and intestine
(Figure 3e,f). Aggrecan immunolabeling was also found in the accessory and collagen
glands (Figure 3d) in the foot. In the distal part of the foot, a specific subepithelial re-
gion was found to react positively with the collagen XVIII antibody (Figure 3g,h). This
region was located at the ventral side of the distal foot, which was next to the plaque-
forming gland.

Moreover, the anti-chondroitin sulfate antibody 2B6 was used to identify and locate
neoepitopes of chondroitin-4-sulfate (pre-digested with chondroitinase ABC) and dermatan
sulfate GAG chains (pre-digested with chondroitinase ACII). Both pre-treatment methods
showed immunopositive signals with particular concentrations in the crystalline style
(Figure 3i,j) and the lamina propria of the stomach and intestine.

3.3. Laminin, Osteonectin, and Decorin

Laminin, osteonectin, and two types of decorin (DS1 and CB-1)-recognizing antibodies
were broadly positive in almost all studied mussel soft tissues (mantle, muscular fibers,
connective tissue (Figure 3k-m), nervous system, gill, digestive gland, gonads, and foot).
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Figure 3. Muscle, foot, byssus gland, and intestinal labeling with proteoglycans and glycosamino-
glycans in Dreissena polymorpha tissue (immunohistochemical signal is in magenta). All scale bars
represent 50 um. (a) Strong labeling for aggrecan and (b) link protein in byssus stem gland (BSG) cells
within posterior byssal retractor muscles (M). (c) Muscle (M) and byssus stem gland (BSG) tissue, con-
trol to (a,b). (d) Aggrecan labeling in byssus collagen (BCG) and accessory gland (BAG) cells. (e) Link
protein labeling in stomach (ST) lamina propria tissue (LP). (f) Control to (e). (g) Collagen XVIII label-
ing in the subepithelial region of the distal foot (SR in Figure 1). (h) Control to (g). (i) Chondroitin-4
sulfate labeling in the crystalline style (C) and some intestinal epithelial cells (IE). (j) Control to (i).
(k) Mantle edge tissue labeled with an antibody against decorin (DS1), while (1) shows the decorin
labeling with decorin antibody CB-1 in the same tissue. (m) Control to (k,1). Mf: muscular fibers;
OME: outer mantle epithelium.
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4. Discussion

As a notorious invasive species, the zebra mussel Dreissena polymorpha has been widely
studied in genomics, proteomics, and ecotoxicology research, with few immunohistochem-
ical studies made of the soft tissues [26,30]. The findings of our study provide novel
insights into the characterization and localization of extracellular matrix components in
the soft tissues of zebra mussels. In general, the high number of positive reactions of
mammalian antibodies in zebra mussels support the hypothesis that many extracellular
matrix components are structurally conserved during evolution [9,12]. Furthermore, some
tissue-specific recognition may provide new points of interest for relevant studies. These
findings also suggest that mussels may even be a good model organism in biomedical or
ecotoxicology research, especially considering the 3Rs principle (Replacement, Reduction,
and Refinement) and the required reduction of vertebrate species in such research.

The expression of these extracellular matrix molecules in zebra mussel soft tissue is
likely related to the specific function of tissues and organs. In the mussel soft body, the
mantle epidermis secretes calcium carbonate and conchiolin to form the shell. The gills
are primarily used for respiration. In mussel soft bodies, the basal lamina key component
collagen IV, adhesion-related fibronectin, and crystal formation-related keratan sulfate
(MZ15) antibodies are labeled in hemocytes, which implies the involvement of hemocytes
in growth, immune, and mineralization processes. The foot is used for moving short
distances and assembly of byssus by various specialized byssus glands. In the byssus
glands, aggrecan and link protein labeling is most likely related to the mechanical function
of the tissue.

In general, collagen IV, fibronectin, and keratan sulfate (detected by antibody MZ15)
were all located in the cytoplasm of a subpopulation of hemocytes (the hyalinocytes-like
cells, as reported in [29,31]). Our results revealed the functional heterogeneity of hemocytes
with respect to the content of proteins or proteoglycans. As described in the literature, those
hyalinocytes-like cells are fully capable of performing innate immune responses [29]. In
previous studies, the immunolocalization of fibronectin in the subpopulations of hemocytes
was reported in Pacific blue mussels (Mytilus trossulus) and Mediterranean mussels (Mytilus
galloprovincialis) [32,33]. In addition, a fibronectin-like protein (with a fibronectin type III
domain) was identified in zebra mussel hemolymph plasma by proteomic analysis and
was observed to be upregulated during in vivo immune response [34]. Fibronectin is a
high-molecular glycoprotein of the extracellular matrix which is related to cell adhesion and
migration. In vertebrates, there are two types of fibronectins, the plasma-soluble fibronectin,
and the insoluble cellular fibronectin. The fibronectin plays a key role in matrix assembly,
wound healing, and tumor development in vivo [35]. Here our finding of fibronectin in
zebra mussel hemocytes is consistent with previous studies and suggests that fibronectin
may play an important role in the hemocyte-mediated immune reaction in zebra mussels.

An important function of mussel hemocytes, other than immunity, is their involvement
in shell mineralization. The mechanism of shell formation has been studied for a long time
and two concurrent principles have been proposed, one is the matrix-mediated hypothesis,
another is the cell-mediated hypothesis [36,37]. The traditional matrix-mediated hypothesis
was mainly supported by in vitro experiments, indicating that the matrix proteins have
some mineralization-inducing effect. Still, the effect of matrix proteins in whole shell
formation and mineralization has remained questionable. The cell-mediated hypothesis
was supported by recent reports of crystal-carrying hemocytes observed in circulation
and in the extrapallial space in mollusks, which indicated the potential involvement of
hemocytes in shell biomineralization [38,39].

Other than the reports of crystal-carrying hemocytes, the gene expressions of shell ma-
trix proteins in hemocytes were very low, which led to the need for additional evidence [39].
A previous 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 the zebra mussel
shell matrix, respectively [40]. As we also immunolocalized collagen IV and fibronectin in
zebra mussel hemocytes, the participation of hemocytes in shell mineralization in zebra
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mussels is likely. The distribution of positive hemocytes in the central and edge regions of
mantle tissues also fit the hemocyte-mediated shell mineralization hypothesis.

Keratan sulfate has Ca?* counterions and may act as a calcium reserve in eggshell
production and bone mineralization in birds [41,42]. With the immunolocalization of
keratan sulfate (with antibody MZ15) in zebra mussel hemocytes, we can suppose that
the shell formation in mussels and avian eggs might be similar in the participation of
keratan sulfate proteoglycans. In contrast, another keratan sulfate antibody 1/20/5-D-4
was negative in zebra mussel soft tissues. Since the two antibodies recognize different
epitopes, we have to note that only the epitope recognized by antibody MZ15 is expressed
in zebra mussel soft tissue. In this regard, it is of note that keratan sulfate-containing
proteoglycans are widely distributed among species and show considerable complexity in
structure, with numerous epitopes recognized by different antibodies [42]. Accordingly,
keratan sulfate proteoglycans may be less conserved in evolution and thus prone to exhibit
different epitopes in different species.

Apart from hemocytes, the collagen IV antibody is also specifically bound to periph-
eral nerves and parts of ganglions in the nervous system of zebra mussels [43]. In the
previous immunohistochemical study of connective tissues in the bivalves Pecten jacobaeus
and Mytilus galloprovincialis, the anti-human type IV collagen antibody recognized a subepi-
dermal basement membrane structure [44]. This is consistent with our results in Dreissena
polymorpha and it suggests that type IV collagen is conserved and widely distributed in
multicellular organisms, even sponges [45].

Unlike most members of the collagen family, type IV collagen in vertebrates is found
only in the basal lamina of tissues (epithelial, muscle fibers, blood vessels, and peripheral
nerves). Basal laminae are believed to be an ancient evolutionary structure and essential
in the development of metazoan species [46]. Functions of basal lamina include tissue
organization, barrier and filter formation, control of material diffusion, cell adhesion, cell
migration, and axon outgrowth. Here, our study provides immunohistochemical evidence
for the existence of basal lamina major component collagen IV and laminin (broadly
positive) in the peripheral nervous system of zebra mussels. In the peripheral nervous
system of vertebrates (especially mammals), axons are wrapped by a myelin sheath which
is formed by Schwann cells (i.e., peripheral glia) and surrounded by a basal lamina [47]. In
the vertebrate, collagen IV is not only a major component of the Schwann cell basement
membrane but is also connected with various functions in the regulation of Schwann cells,
promoting peripheral axonal growth and myelination [48]. Our results suggest that certain
cells, perhaps comparable to Schwann cells, in the zebra mussel peripheral nervous system
express collagen IV. However, it is interesting that, unlike vertebrates, there would be no
collagen IV-positive basal lamina surrounding the muscle fibers, although some positive
hemocytes were also present in the muscle.

In the vertebrate extracellular matrix, aggrecan and link protein are usually associated
with load-bearing structures, such as articular cartilage and specific parts of the interverte-
bral discs. The aggregates formed by proteoglycan (mainly aggrecan), hyaluronan, and
link protein can form a hydrated gel structure, with the collagen framework restricting the
movement of hydrated aggrecan complexes, allowing the tissues to resist compression [49].
Other than the compressive loading, the proteoglycans in tendons (mainly aggrecan and
versican) and their aggregate with hyaluronan provide tendon tissue with the capacity to
resist physical stress [50].

Byssus is a bundle of filaments secreted by mussels for anchoring, including the
adhesive plaque, stiff distal thread, elastic proximal thread, and stem [51]. The formation of
byssus is initiated by byssus-secreting glands (stem gland, collagen gland, accessory gland,
and phenol gland), in which the byssus proteins are synthesized and reserved for secretion.
The specific labeling of aggrecan and link protein antibodies in byssus gland cells (with
the proximal stem gland most significant) of zebra mussels may be related to the physical
properties of these structures.
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There are two possibilities for the function of the aggrecan and link protein expressed
in byssus glands. The first possibility is that they may participate in the assembling process
of the byssus matrix, especially in the byssus stem and proximal part of the byssus. In
previous ultrastructural studies of those byssus glands, numerous secretory granules were
observed in gland cells [52,53]. A study of the secretory granules suggested that proteins
or glycoproteins seem to be the major constituent. Additionally, a common constitution of
byssus was revealed, with organized filaments embedded in an amorphous matrix. The
pattern of filament organization and quantity of matrix differed in regions with a higher
ratio of matrix proteins in the proximal byssus [54]. The distribution of the amorphous
matrix component in byssus is consistent with our immunolocalization results for aggrecan
and link protein, showing a significant positive staining in the proximal byssus stem glands
and less positive staining in the distal glands. Itis intriguing to note that this is very similar
to the principle of vertebrate insertional fibrocartilage formation [55]. Here, we suppose
that aggrecan and link protein may participate in the constitution of the byssus matrix. The
second possibility is that the aggrecan and link protein in the stem gland act as a connection
between the byssus stem and retractor muscle, providing load-bearing capacities to tissues,
as in the tendon [50].

Other than the byssus gland, the extracellular matrix molecules (aggrecan, link protein,
chondroitin-4-sulfate, and dermatan sulfate (2B6, pre-digested with chondroitinase ABC
and AC)) were also located in the lamina propria of the stomach and intestine. This
suggests that these stress-bearing molecules may be necessary for the physical strength
of the stomach and intestine lamina propria. A specific subepithelial region with mainly
fibrous cells in the distal foot was labeled with the collagen XVIII antibody. During mussel
adhesion, the foot attaches to the object by this region with the plaque gland secreting
adhesion proteins meanwhile. The presence of collagen XVIII in this region might be related
to the structural supporting abilities of collagen XVIII, which so far has been described as a
heparan sulfate proteoglycan expressed in the basement membranes of vertebrates [56].

Laminin plays an important role in the formation and maintenance of basement mem-
brane structure and characteristics, as well as the regulation of several biological functions
(cell adhesion, migration, differentiation, etc.) [57]. In a previous immunohistochemical
study of connective tissues in the bivalves Pecten jacobaeus and Mytilus galloprovincialis,
laminin 1 also was recognized within a subepidermal basement membrane structure [44].
Decorin, which is a dermatan sulfate containing proteoglycan, may play an antagonistic role
in prohibiting biomineralization within zebra mussel soft tissues, for in the eggshell biomin-
eralization model, a 200 kDa dermatan sulfate proteoglycan had been extracted from the
eggshell and was verified with concentration-dependent crystal morphology-modulating
abilities in vitro [58].

It is worth noting that the labeling for CB-1 (originally designed to recognize a chicken
antigen) and DS1 (directed towards a bovine antigen) showed minor intensity variation
in certain zebra mussel soft tissues. The initial publication of CB-1 stated that the CB-1
antibody could not react with mammalian samples and supposed a potential structural
difference in the core proteins of avian and mammalian PG-II (decorin) [59]. In our study,
both epitopes of avian and mammalian (bovine) decorin were recognized in zebra mussel
soft tissues, indicating that mussels could be closer to the evolutionary origin of decorin in
the early stages of development.

Osteonectin (SPARC) is a non-collagenous component in bone tissue regulating os-
teoblast and osteoclast activities. In the mineralization of zebra mussels, so far, no specific
mineralization cells, such as osteoclasts or osteoblasts, have been reported, but the mantle
cells seem to possess some of the capabilities of these vertebrate bone cells. The broadly
expressed pattern of SPARC in zebra mussel soft tissues was also consistent with the report
of gene expression of collagen IV and SPARC in oyster tissues [8]. SPARC expression
in mussels might regulate the formation and growth of mineral crystals, cell-cell and
cell-matrix interactions, and inhibition of cell migration [60], which is also important for
immune responses.
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5. Conclusions

In the present study, an immunohistochemical labeling strategy for extracellular ma-
trix molecules in zebra mussel soft tissues was established. Furthermore, the presence of
collagen IV, fibronectin, and keratan sulfate epitopes in hemocytes was reported, as well
as the presence of collagen IV in peripheral nerves, aggrecan and link protein in byssus
glands, collagen XVIII in distal foot, and a broader occurrence of laminin, osteonectin,
and decorin in mussel soft tissues. The results support the cell-mediated shell formation
hypothesis, hemocyte-mediated immune reaction, and provide evidence for some associ-
ated molecules in peripheral nerves and byssus formation in zebra mussels. Furthermore,
the results confirm that certain extracellular matrix molecules seem to be well conserved
during evolution. This means that the zebra mussel constitutes a promising model that
can be used in biochemistry, molecular biology, ecotoxicology research, and research fo-
cusing on the stimulation and disturbance of bio-mineralization instead of conventional
vertebrate models.

Author Contributions: Conceptualization, C.S. and S.M.; methodology, C.S. and S.M.; software, S.M.;
validation, W.W. and S.M.; formal analysis, WW. and S.M.; investigation, W.W.; resources, C.S.; data
curation, W.W.; writing—original draft preparation, W.W.; writing—review and editing, WW., C.S.,
SM., KS., SB. and ].G,; visualization, W.W,; supervision, C.S.; project administration, C.S. and S.M.;
funding acquisition, C.S. and W.W. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the China Scholarship Council (CSC), grant number no.
201808500132. The funding source had no involvement in the conduct of this study or submission
for publication.

Institutional Review Board Statement: All experiments in this study were performed according to
German animal protection regulations which do not require registration or approval of experiments
using zebra mussels.

Data Availability Statement: The datasets used and analyzed in this study are available from the
corresponding author on reasonable request.

Acknowledgments: The monoclonal antibodies M3F7 developed by H. Furthmayr, 6C4 by WM.
Halfter, MZ15 by EM. Watt, DS1 by A.R. Poole, CB-1 by D.A. Carrino, HFN 7.1 by R.J. Klebe, 12/21/1-
C-6,9/30/8-A-4 by B. Caterson, and AON-1 by J.D. Termine, were obtained from the Developmental
Studies Hybridoma Bank, created by the NICHD of the NIH and maintained at the University of
Iowa, Department of Biology, Iowa City, IA 52242. Antibodies 2B6, 3B3,1/20/5-D-4 were gifts from
B. Caterson. The authors thank Andrea Haderer, Claudia Harbauer, Beate Aschauer, Barbara Mosler,
and Astrid Baltruschat for expert technical assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Rosenberg, G. A New Critical Estimate of Named Species-Level Diversity of the Recent Mollusca. Am. Malacol. Bull. 2014, 32, 308.
[CrossRef]

2. Lummer, E.-M.; Auerswald, K.; Geist, ]. Fine sediment as environmental stressor affecting freshwater mussel behavior and
ecosystem services. Sci. Total Environ. 2016, 571, 1340-1348. [CrossRef] [PubMed]

3. Vaughn, C.C. Ecosystem services provided by freshwater mussels. Hydrobiologia 2018, 810, 15-27. [CrossRef]

4. Hartmann, ].T.; Beggel, S.; Auerswald, K.; Stoeckle, B.C.; Geist, J. Establishing mussel behavior as a biomarker in ecotoxicology.
Aquat. Toxicol. 2016, 170, 279-288. [CrossRef] [PubMed]

5. Boeker, C; Lueders, T.; Mueller, M.; Pander, J.; Geist, J. Alteration of physico-chemical and microbial properties in freshwater
substrates by burrowing invertebrates. Limnologica 2016, 59, 131-139. [CrossRef]

6.  Zuykov, M,; Pelletier, E.; Harper, D.A.T. Bivalve mollusks in metal pollution studies: From bioaccumulation to biomonitoring.
Chemosphere 2013, 93, 201-208. [CrossRef]

7. Li,J.;Lusher, A.L.; Rotchell, ].M.; Deudero, S.; Turra, A.; Brate, LL.N.; Sun, C.; Shahadat Hossain, M.; Li, Q.; Kolandhasamy, P; et al.
Using mussel as a global bioindicator of coastal microplastic pollution. Environ. Pollut. 2019, 244, 522-533. [CrossRef]

8. Dyachuk, V. Extracellular matrix components in bivalvia: Shell and ECM components in developmental and adult tissues. Fish

Agquac. J. 2018, 9, 1000248. [CrossRef]



3 Results (published articles) 41

Fishes 2022,7,74 14 of 15

9.  Brown, N.H. Extracellular matrix in development: Insights from mechanisms conserved between invertebrates and vertebrates.
Cold Spring Harb. Perspect. Biol. 2011, 3, a005082. [CrossRef]

10. Theocharis, A.D.; Skandalis, S.S.; Gialeli, C.; Karamanos, N K. Extracellular matrix structure. Adv. Drug Deliv. Rev. 2016, 97, 4-27.
[CrossRef]

11. Tanzer, M.L. Current concepts of extracellular matrix. J. Orthop. Sci. 2006, 11, 326-331. [CrossRef] [PubMed]

12.  Ozbek, S.; Balasubramanian, PG.; Chiquet-Ehrismann, R.; Tucker, R.P.; Adams, ].C. The evolution of extracellular matrix. Mol.
Biol. Cell 2010, 21, 4300-4305. [CrossRef] [PubMed]

13. Matsushiro, A.; Miyashita, T. Evolution of hard-tissue mineralization: Comparison of the inner skeletal system and the outer
shell system. J. Bone Miner. Metab. 2004, 22, 163-169. [CrossRef] [PubMed]

14. Marzocchi, U.; Bonaglia, S.; Zaiko, A.; Quero, G.M.; Vybernaite-Lubiene, I.; Politi, T.; Samuiloviene, A.; Zilius, M.; Bartoli, M.;
Cardini, U. Zebra Mussel Holobionts Fix and Recycle Nitrogen in Lagoon Sediments. Front. Microbiol. 2020, 11, 610269. [CrossRef]
[PubMed]

15. Prud’homme, S.M.; Hani, YM.L; Cox, N.; Lippens, G.; Nuzillard, ].-M.; Geffard, A. The zebra mussel (Dreissena polymorpha) as a
model organism for ecotoxicological studies: A prior 'H NMR Spectrum Interpretation of a Whole Body Extract for Metabolism
Monitoring. Metabolites 2020, 10, 256. [CrossRef]

16. Viarengo, A.; Canesi, L. Mussels as biological indicators of pollution. Aquaculture 1991, 94, 225-243. [CrossRef]

17.  Sternecker, K, Geist, ].; Beggel, S.; Dietz-Laursonn, K.; de La Fuente, M.; Frank, H.-G.; Furia, ].P; Milz, S.; Schmitz, C. Exposure of
zebra mussels to extracorporeal shock waves demonstrates formation of new mineralized tissue inside and outside the focus
zone. Biol. Open 2018, 7, bio033258. [CrossRef]

18.  Wu, W,; Maffulli, N.; Furia, J.P.; Meindlhumer, L.; Sternecker, K.; Milz, S.; Schmitz, C. Exposure of zebra mussels to radial
extracorporeal shock waves: Implications for treatment of fracture nonunions. J. Orthop. Surg. Res. 2021, 16, 707. [CrossRef]

19. Kertzman, P.; Csaszar, N.B.M.; Furia, ].P.; Schmitz, C. Radial extracorporeal shock wave therapy is efficient and safe in the
treatment of fracture nonunions of superficial bones: A retrospective case series. . Orthop. Surg. Res. 2017, 12, 164. [CrossRef]

20. Liu, F; Reichl, E-X,; Milz, S.;; Welfle, U.C.; Kiihnisch, J.; Schmitz, C.; Geist, ].; Hickel, R.; Hogg, C.; Sternecker, K. Disrupted
biomineralization in zebra mussels after exposure to bisphenol-A: Potential implications for molar-incisor hypomineralization.
Dent. Mater. 2022. ahead of print. [CrossRef]

21. Titorency, L; Pruna, V;; Jinga, V.V.; Simionescu, M. Osteoblast ontogeny and implications for bone pathology: An overview. Cell
Tissue Res. 2014, 355, 23-33. [CrossRef] [PubMed]

22. Kylmaoja, E;; Nakamura, M.; Tuukkanen, J. Osteoclasts and remodeling based bone formation. Curr. Stem Cell Res. Ther. 2016, 11,
626-633. [CrossRef] [PubMed]

23.  American Society of Testing and Materials (ASTM). Standard Guide for Conducting Laboratory Toxicity Tests with Freshwater
Mussels. In Annual Book of ASTM Standards; ASTM International: West Conshohocken, PA, USA, 2013; p. 52.

24. Sicuro, B. Freshwater bivalves rearing: A brief overview. Inf. Aquat. Res. 2015, 7,93-100. [CrossRef]

25.  Bignell, ].P; Stentiford, G.D.; Taylor, N.G.H.; Lyons, B.P. Histopathology of mussels (Mytilus sp.) from the Tamar estuary, UK. Mar.
Environ. Res. 2011, 72, 25-32. [CrossRef] [PubMed]

26. Morton, B. Chapter 12 The Anatomy of Dreissena polymorpha and the Evolution and Success of the Heteromyarian Form in the
Dreissenoidea. In Zebra Mussels: Biology, Impacts, and Control, 1st ed.; Nalepa, T.F., Schloesser, D.W., Eds.; Lewis Publishers:
Boca Raton, FL, USA, 1993; pp. 185-215.

27. Milz, S.; Regner, F; Putz, R.; Benjamin, M. Expression of a wide range of extracellular matrix molecules in the tendon and trochlea
of the human superior oblique muscle. Investig. Ophthalmol. Vis. Sci. 2002, 43, 1330-1334.

28. Carballal, M.J.; Lépez, C.; Azevedo, C.; Villalba, A. Enzymes involved in defense functions of hemocytes of mussel Mytilus
galloprovincialis. . Invertebr. Pathol. 1997, 70, 96-105. [CrossRef]

29. Evariste, L.; Auffret, M.; Audonnet, S.; Geffard, A.; David, E.; Brousseau, P.; Fournier, M.; Betoulle, S. Functional features
of hemocyte subpopulations of the invasive mollusk species Dreissena polynorpha. Fish Shellfish Immunol. 2016, 56, 144-154.
[CrossRef]

30. Beggel, S.; Cerwenka, A.; Brandner, |.; Geist, J. Shell morphological versus genetic identification of quagga mussel (Dreissena
bugensis) and zebra mussel (Dreissena polymorpha). Aquat. Invas. 2015, 10, 93-99. [CrossRef]

31. Beggel, S.; Hinzmann, M.; Machado, J.; Geist, ]. Combined impact of acute exposure to ammonia and temperature stress on the
freshwater mussel Unio pictorum. Water 2017, 9, 455. [CrossRef]

32. Panara, F; Di Rosa, 1; Fagotti, A.; Simoncelli, F; Mangiabene, C.; Pipe, R.K.; Pascolini, R. Characterization and immunocyto-
chemical localization of actin and fibronectin in haemocytes of the mussel Mytilus galloprovincialis. Histochem. ]. 1996, 28, 123-131.
[CrossRef]

33. Dyachuk, V.A.; Maiorova, M.A.; Odintsova, N.A. Identification of § integrin-like- and fibronectin-like proteins in the bivalve
mollusk Mytilus trossulus. Dev. Growth Differ. 2015, 57, 515-528. [CrossRef] [PubMed]

34. Leprétre, M.; Almunia, C.; Armengaud, J.; Le Guernic, A.; Salvador, A.; Geffard, A.; Palos-Ladeiro, M. Identification of immune-
related proteins of Dreissena polymorpha hemocytes and plasma involved in host-microbe interactions by differential proteomics.
Sci. Rep. 2020, 10, 6226. [CrossRef] [PubMed]

35. Patten, J.; Wang, K. Fibronectin in development and wound healing. Adv. Drug Deliv. Rev. 2021, 170, 353-368. [CrossRef]

[PubMed]



3 Results (published articles) 42

Fishes 2022, 7,74 15 of 15

36. Song, X.; Liu, Z.; Wang, L.; Song, L. Recent advances of shell matrix proteins and cellular orchestration in marine molluscan shell
biomineralization. Front. Mar. Sci. 2019, 6, 41. [CrossRef]

37. Addadi, L, Joester, D.; Nudelman, F.; Weiner, S. Mollusk shell formation: A source of new concepts for understanding
biomineralization processes. Chemistry 2006, 12, 980-987. [CrossRef] [PubMed]

38. Mount, AS.; Wheeler, A.P.; Paradkar, R.P; Snider, D. Hemocyte-mediated shell mineralization in the eastern oyster. Science 2004,
304, 297-300. [CrossRef] [PubMed]

39. Huang, J.;Li,S; Liu, Y,; Liu, C.; Xie, L.; Zhang, R. Hemocytes in the extrapallial space of Pinctada fucata are involved in immunity
and biomineralization. Sci. Rep. 2018, 8, 4657. [CrossRef]

40. Immel, F; Broussard, C.; Catherinet, B.; Plasseraud, L.; Alcaraz, G.; Bundeleva, I.; Marin, F. The shell of the invasive bivalve
species Dreissena polymorpha: Biochemical, elemental and textural investigations. PLoS ONE 2016, 11, e0154264. [CrossRef]

41. Ha, YW, Son, M.J.; Yun, K.S.; Kim, Y.S. Relationship between eggshell strength and keratan sulfate of eggshell membranes. Comp.
Biochem. Physiol. A Mol. Integr. Physiol. 2007, 147, 1109-1115. [CrossRef]

42.  Caterson, B.; Melrose, ]. Keratan sulfate, a complex glycosaminoglycan with unique functional capability. Glycobiology 2018, 28,
182-206. [CrossRef]

43. Yurchenko, O.V; Savelieva, A.V.; Kolotuchina, N.K.; Voronezhskaya, E.E.; Dyachuk, V.A. Peripheral sensory neurons govern
development of the nervous system in bivalve larvae. Evodevo 2019, 10, 22. [CrossRef] [PubMed]

44. Corbetta,S.; Bairati, A.; Vitellaro Zuccarello, L. Inmunohistochemical study of subepidermal connective of molluscan integument.
Eur. J. Histochem. 2002, 46, 259-272. [CrossRef] [PubMed]

45. Boute, N.; Exposito, ].-Y.; Boury-Esnault, N.; Vacelet, J.; Noro, N.; Miyazaki, K.; Yoshizato, K.; Garrone, R. Type IV collagen in
sponges, the missing link in basement membrane ubiquity. Biol. Cell 1996, 88, 37-44. [CrossRef]

46. Halfter, W.; Oertle, P; Monnier, C.A.; Camenzind, L.; Reyes-Lua, M.; Hu, H.; Candiello, J.; Labilloy, A.; Balasubramani, M.;
Henrich, P.B.; et al. New concepts in basement membrane biology. FEBS |. 2015, 282, 4466—4479. [CrossRef] [PubMed]

47. Chernousov, M.A.; Yu, W.-M.; Chen, Z.-L.; Carey, D.].; Strickland, S. Regulation of Schwann cell function by the extracellular
matrix. Glia 2008, 56, 1498-1507. [CrossRef]

48. Chen, P; Cescon, M.; Bonaldo, P. The Role of Collagens in Peripheral Nerve Myelination and Function. Mol. Neurobiol. 2015, 52,
216-225. [CrossRef]

49. Kiani, C.; Chen, L.; Wu, Y.J.; Yee, AJ].; Yang, B.B. Structure and function of aggrecan. Cell Res. 2002, 12, 19-32. [CrossRef]

50. Yoon, J.H.; Halper, ]. Tendon proteoglycans: Biochemistry and function. . Musculoskelet. Neuronal Interact. 2005, 5, 22-34.

51. Coyne, KJ.; Qin, X.X.; Waite, ].H. Extensible collagen in mussel byssus: A natural block copolymer. Science 1997, 277, 1830-1832.
[CrossRef]

52. Tamarin, A. An ultrastructural study of byssus stem formation in Mytilus californianus. J. Morphol. 1975, 145, 151-177. [CrossRef]

53. Zuccarello, L.V. The collagen gland of Mytilus galloprovincialis: An ultrastructural and cytochemical study on secretory granules.
J. Ultrastruct. Res. 1980, 73, 135-147. [CrossRef]

54. Golser, A.; Scheibel, T. Routes towards Novel Collagen-Like Biomaterials. Fibers 2018, 6, 21. [CrossRef]

55. Chatuparisute, P; Shinohara, Y.; Kirchhoff, C.; Fischer, F,; Milz, S. Inmunohistochemical composition of the human lunotriquetral
interosseous ligament. Appl. Immunohistochen. Mol. Morphol. 2012, 20, 318-324. [CrossRef] [PubMed]

56. Seppinen, L.; Pihlajaniemi, T. The multiple functions of collagen XVIII in development and disease. Matrix Biol. 2011, 30, 83-92.
[CrossRef]

57. Barros, D.; Amaral, LF; Pégo, A.P. Laminin-inspired cell-instructive microenvironments for neural stem cells. Biomacromolecules
2020, 21, 276-293. [CrossRef]

58. Carrino, D.A,; Dennis, ].E.; Wu, T.M.; Arias, J.L.; Fernandez, M.S.; Rodriguez, ].P; Fink, D.].; Heuer, A.H.; Caplan, A L. The avian
eggshell extracellular matrix as a model for biomineralization. Connect. Tissue Res. 1996, 35, 325-329. [CrossRef]

59. Lennon, D.P; Carrino, D.A.; Baber, M.A.; Caplan, A.I. Generation of a monoclonal antibody against avian small dermatan sulfate
proteoglycan: Immunolocalization and tissue distribution of PG-II (Decorin) in embryonic tissues. Matrix 1991, 11, 412-427.
[CrossRef]

60. Rosset, EM.; Bradshaw, A.D. SPARC /osteonectin in mineralized tissue. Matrix Biol. 2016, 52-54, 78-87. [CrossRef]



4 Discussion 43

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 ESWT 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 ESWSs [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 ESWT 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/mm?2) 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 1V, 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 Ili
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 1V collagen antibody
recognized a subepidermal basement membrane structure [74]. These saltwater
animal studies are consistent with our reports of the presence of collagen 1V,
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 1V. 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
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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 ESWSs. 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.
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6. Zusammenfassung

Obwohl die extrakorporale StoRwellenbehandlung (ESWT) seit Jahrzehnten zur
Behandlung von Knochenlasionen angewendet wurde, ist der zugrundeliegende
physikalisch-biologische Mechanismus des ESW-induzierten Biomineralisie-
rungsprozesses noch unklar. Um die Biomineralisation-induzierende Wirkung
von sich radiar ausbreitenden extrakorporalen StoRwellen (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 fiir die Ubertragung von StoRwellen
und erlaubt eine feine Steuerung der Stol3wellenenergien und damit der Energie-
dosis, welche auf das Gewebe der Tiere einwirkt. Abgesehen von der StolRwel-
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-
lekilen der extrazellularen Matrix (ECM) vorgenommen, um das Vorliegen po-
tentiell mineralisationsbezogener Target Molekile im Weichgewebe von Zeb-

ramuscheln zu demonstrieren.

In der ersten Studie wurden Zebramuscheln rESW in verschiedenen Energieni-
veaus ausgesetzt, gefolgt von der Analyse der Fluoreszenzintensitat in den
Wachstumsregionen der Schalen, jeweils getrennt nach Regionen sowohl in der
linken als auch in der rechten Schalenhélfte. Im Vergleich zu den Kontrollgruppen
zeigten die Muscheln, die unterschiedlichen Energien von rESWs ausgesetzt wa-
ren, in einigen Regionen eine signifikant hohere Fluoreszenzintensitat, welche
als Indikator fur Mineralisationsvorgénge dient. Die Exposition von Muscheln in
rESW wiederholte dabei im Wesentlichen die Ergebnisse bei Exposition in fokus-
sierten ESW. In beiden Fallen wurden Anzeichen fur eine Induktion zusatzlicher
Mineralisation in Zebramuscheln beobachtet. Die Ergebnisse von Muscheln, die
rESWT ausgesetzt waren, zeigen, dass rESWT eine neue Mineralisierung in
Schalen induzieren kann. AufRerdem zeigten die Ergebnisse, dass die durch

rESWT induzierte Biomineralisation mit steigender StoRwellenenergie zunimmt.
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Der statistische Vergleich zwischen den Gruppen zeigte, dass es signifikante Un-
terschiede zwischen der Fluoreszenzintensitat zwischen Gruppen mit unter-
schiedlichen Energieniveaus gibt. All diese Ergebnisse deuten darauf hin, dass
rESWT dosisabhangige biomineralisationsinduzierende Wirkungen aufweist und
dass mit zunehmender Biomineralisation nach StoBwellen mit hoherer Energie

ZU rechnen ist.

In einer zweiten Studie wurde ein immunhistochemischer Nachweis extrazellula-
rer Matrixbestandteile im Weichteilgewebe von Zebramuscheln durchgeftihrt. Die
Ergebnisse bezlglich der Expression von Typ-IV-Kollagen, Fibronektin und
Keratansulfat in Zebramuschel-Hamozyten stimmen unerwartet gut mit der soge-
nannten ,Hamozyten-vermittelten® Schalenbildungshypothese Uberein. Die
Funktionen von Typ-IV-Kollagen, Fibronektin und Keratansulfat in Hamozyten
wirden demnach mit der Hamozyten-vermittelten Biomineralisierung zusam-
menhangen. Aul3erdem wurde Typ-IV-Kollagen auch im peripheren Nervensys-
tem mit einer moglichen Rolle als Bestandteil der Basalmembran (Basallamina)
beobachtet. Dartber hinaus wurde Aggrecan- und Link-Protein-Expression in
verschiedenen Byssus-Driisenzellen nachgewiesen. In Saugetiergeweben tra-
gen Aggrecan und Link-Protein zur strukturellen Stabilitat und Widerstandsfahig-
keit gegen Druckkrafte bei. Das Aggrecan- und Link-Protein in den Drisen des
Muschel-Byssus Systems vorkommen, legt nahe, dass sie an der Synthese von
Byssus-Faden beteiligt sein kénnten oder zumindest zur strukturellen Starke der
Byssus-Muskel-Verbindung beitragen. Daruber hinaus wurde festgestellt, dass
einige extrazellularen Matrix-Komponenten (Laminin, Decorin und Osteonectin)
in Zebramuschelgeweben weit verbreitet sind. Sie kdnnen 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-Molekile von S&ugetieren zeigen die Kon-
servierung von bestimmten ECM-Molektlen in der Evolution des Lebens. Dar-
Uber hinaus liefern die Befunde unterstitzende Argumente flr die Hypothese der
,Hamozyten-vermittelten“ Schalenbildung und dienen als Grundlage fur weitere

Untersuchungen von Zebramuscheln im Zusammenhang mit Biomineralisation.
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