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Abstract 

Teleosts have the ability to regenerate their caudal fin upon amputation. A highly proliferative 

mass of undifferentiated cells called blastema forms beneath wound epidermis and differentiates 

to regenerate all missing parts of the fin. To date, the origin and fate of the blastema cells remain 

unclear. However current hypothesis suggests that the blastema comprises of lineage restricted 

cells those arise by de-differentiation. To investigate the mechanisms of cell differentiation of 

caudal fin regeneration, primary cultures were initiated from the explants of 2  days post- 
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amputated (dpa) regenerating caudal fin (which consists of predominately blastema and wound 

epidermis cells) of juvenile gilthead seabream (Sparus aurata). These cells were subcultured for 

over 30 passages and were named as BSa2. After 10th passage, they were characterized by their 

ability to differentiate towards bone cell lineages, by performing extracellular matrix 

mineralization through immunocytochemistry, histology, and RT-PCR. Exogenous DNA was 

efficiently delivered into these cells by nucleofection. Assessment of lineage-specific markers 

revealed that BSa2 cells were capable of osteo/chondroblastic differentiation. BSa2 cells were 

also found to be capable of osteoclastic differentiation, as demonstrated through TRAP-specific 

staining and pit resorption assay. The process of fin regeneration was found to be complete at 14 

dpa and de novo bone formation started at 6 dpa. Thus we developed the first successful cell line 

viz., BSa2, from S. aurata 2 dpa regenerating caudal fin with the ability of multilineage 

differentiation and capable of in vitro mineralization. The availability of such in vitro cell 

systems will stimulate research on the mechanisms of cell differentiation during fin regeneration 

and provide new insights into the mechanisms of bone formation. 
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Introduction 

Epimorphic regeneration is a dynamic developmental process involved in reconstruction of 

organ or tissues upon amputation or injury. In mammals, the ability to regenerate is limited but 

can be seen in some structures, including the liver, skin, skeletal muscle, and digit tips 

(Illingworth 1974; Muller et al. 1999; Han et al. 2005; Carlson 2005; Hata et al. 2007; Yoshizato 

2007). In contrast, tremendous regenerative capabilities can be seen in urodele amphibians and in 

teleost fish. These organisms regenerate their limbs, fins, heart, spinal cord, scales, eye lens, and 
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many internal organs (reviewed by Akimenko et al. 2003; Nye et al. 2003; Poss et al. 2003; 

Slack 2003; Nakatani et al. 2007; Gemberling et al. 2013; Tornini and Poss 2014; Pfefferli and 

Jaźwińska 2015; Watson and Kwon 2015; Wehner and Weidinger 2015; Sehring and Weidinger 

2019). In particular, zebrafish and medaka models have been used intensely to study the process 

of fin regeneration (Katogi et al. 2004; Whitehead et al. 2005; Nishidate et al. 2007; Lee et al. 

2009; Yoshinari et al. 2009; Grotek et al. 2013; Petrie et al. 2014; Blum and Begemann 2015; 

Owlarn et al. 2017; König et al. 2018; Dasyani et al. 2019). The process of fin regeneration starts 

by forming a thickened wound epidermis followed by formation of the blastema, a mass of 

highly proliferative, undifferentiated tissue responsible for the reconstitution of the lost fin 

(Brockes and Kumar 2005; Stoick-Cooper et al. 2007). Many studies have suggested that 

differentiated cells de-differentiate and contribute to blastema formation, but remain lineage 

committed (Knopf et al. 2011; Sousa et al. 2011; Tu and Johnson 2011; Stewart and Stankunas 

2012). Many in vivo studies were performed on blastema to better understand the molecular and 

genetic processes involved in fin regeneration in teleost (Akimenko et al. 2003; Poss et al. 2003; 

Blum and Begemann 2012; Tornini et al. 2016) and on the origin and differentiation of the 

osteoblastic cells responsible for regenerating skeletal elements (Singh et al. 2012). But, on the 

other hand, in vitro studies to investigate these processes have been hampered due to the absence 

of a suitable cell culture system from teleost. Thus, appropriate in vitro cell systems are required 

for better understanding the processes leading to cell differentiation during fin regeneration. 

In the present study, we used gilthead seabream (Sparus aurata) as a model teleost, a well-

established model for marine fish which is now increasingly used due to the growing availability 

of a number of genomic and transcriptomic sequencing data, as well as microarrays and other 

molecular tools. Furthermore, S. aurata is an important species for fisheries and aquaculture in 

the Mediterranean basin and in southern Portugal, and thus, it is not only of economic relevance 

to understand the mechanisms of regeneration in this fish, but also no specific studies are 

available on this subject for this species. Here, we report for the first time the process of fin 

regeneration in S. aurata. Further we describe the establishment and initial characterization of a 

new cell line derived from 2 dpa regenerating caudal fin of S. aurata, and designated as BSa2. 

Cells from this culture can be triggered to differentiate towards osteoblastic, chondrocytic, and 

osteoclastic cell lineages, capable of in vitro mineralization and represent a valuable tool for fin 

regeneration studies in teleost. 
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Materials and Methods 

Maintenance, Fin Amputation, and Regeneration Analysis 

Nine healthy juvenile gilthead seabream (S. aurata) (8–-10  g in weight) were collected from 

Ramalhete rearing facilities at CCMAR-University of Algarve and maintained in 100-L water 

tanks with strong aeration (100  mL .min
−-1

), at a temperature of 22 °C and fed twice a day with 

artificial food (Ibersoja 3 mm). On day 0, fish were rapidly anesthetized with 100  ppm of 2-

phenoxyethanol in seawater. After transferring anesthetized fish onto an inverted Petri dish 

placed on the stage of a stereomicroscope and carefully flattening the caudal fin, the bottom half 

of the caudal fin was amputated two segments before the cleft using a sterile scalpel (Fig.  1), 

and then the fish quickly recovered in sea water and transferred back to their tanks. The 

regenerating area of the caudal fin was photographed at different time points (0 to 14  days) 

using a stereomicroscope (Leica MZ 6) equipped with a digital camera. Re-amputation of 

regenerating fins was carried at different time points (0 to 14  days post -amputation) using the 

same procedure as above. Re-amputated fins were used for further analysis. 

Detection of Mineral in S. aurata Regenerating Caudal Fin 

Samples (bottom half of each caudal fin) were fixed in 4% buffered paraformaldehyde, washed 

in PBS, and stained with alizarin red S (C.I. 58,005, Sigma), as previously described by Gavaia 

et al. (2000). The tissue was incubated in 1% KOH, 1.5% H2O2 for 30  min. to remove 

pigmentation and gradually transferred to glycerol for preservation. Photographs were taken 

under a fluorescence stereomicroscope Leica MZ 7.5 (Excitation 530–-560- emission 580) 

equipped with an F-View camera. 

Histological Sections 

Samples were embedded in paraffin (Panreac) and sectioned longitudinally in a Microm 340 M 

microtome (Microm, Germany). Sections of 5 μm were stained with Azan combination solution 

(Chroma, Muenster - —Germany) according to the manufacturer’s instructions. Slides were 

mounted in DPX (Sigma) medium, analyzed and photographed in an Axioimager Z2 microscope 

equipped with an AxioCam ICc3 digital camera (Zeiss, Germany). 

Development of 2 Dddpa Regenerating Caudal Fin Cells from S. aurata 
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At 2 and 4 dpa, 3 fishes were anaesthetizedanesthetized, and their caudal fins were rinsed with 

70% ethanol for surface contaminants. Subsequently the regenerated fins of the 3 fishes were re-

amputated to collect the cells (please refer the detailed procedure for fin amputation above). 

Cells were washed 2× with Leibovitz’s L-15 medium supplemented with 1% antibiotics 

(500  IU/ml of penicillin and 500 μg/ml of streptomycin), then minced into small fragments 

(approximately 1–-2  mm in size) and placed into 35-mm cell culture dishes containing 500  μl of 

L-15 medium supplemented with 15% FBS, 1% antibiotic, and 1% fungizone. Cell culture dishes 

were incubated at 28 °C with culture medium replaced once in 3  days. Confluent cultures were 

sub-cultured using trypsin-EDTA solution and seeded into a 6-well plate containing 2  ml of L-

15 medium. Cell cultures were routinely sub-cultured (1:2) at confluence by trypsinization. 

Cryopreservation 

BSa2 cells from subconfluent cultures were trypsinized, harvested by centrifugation (2000× × g 

for 5  min) and resuspended at a density of 10
6
 cells/ml in ice-cold medium supplemented with 

10% cell culture grade dimethyl sulphoxide (Sigma-Aldrich, St. Louis, MO). Cell suspensions 

were dispensed into 2-ml cryotubes (Sarstedt), placed at − -80 °C in a cell freezing device (Mr. 

frosty, Nalgene, Rochester, NY) overnight and then transferred into liquid nitrogen. Frozen cells 

were recovered in 9  ml of culture medium and placed in a flask at 28 °C. Medium was renewed 

after 8  h and viability was tested using the trypan blue dye exclusion method (Strober 2001). 

Cell Proliferation 

Proliferation of BSa2 cells was determined at passage 14 using different FBS concentrations by 

the CellTiter 96 non-radioactive proliferation assay kit (Promega, Madison, WI) according to 

manufacturer’s instructions. Briefly, the cells were seeded at a density of 1.5  ×  10
3
 cells/well in 

96-well plates. At appropriate times, cells were incubated for 2  h with 20  μl of reagent mixture 

and then cell proliferation was determined from absorbance measurements at 490  nm using 

spectrophotometer. 

Transfection 

Transfection efficiency of BSa2 cells was determined by using pEGFP-N1 (Clontech, Mountain 

View, CA) and pmaxGFP (Lonza, Cologne, Germany) vectors expressing the green fluorescent 

protein (GFP) under the control of CMV promoter. BSa2 cells were seeded at a density of 

5  ×  10
5
 cells/well in 6-well plates and cultured until sub-confluence. pEGFP-N1 vector (1 μg) 
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was delivered into cells using FuGENE6 or FuGENE HD (both from Roche, Mannheim, 

Germany) according to manufacturer’s instructions, or through calcium-phosphate 

coprecipitation (Pfitzner et al. 1995); pmaxGFP vector was delivered into BSa2 cells through 

nucleofection. In this case, 6  ×  10
5
 cells were resuspended in 100  μl of buffer L or V 

(Nucleofection optimization kit, Lonza) and nucleofected with 2  μg of pmaxGFP vector using 

Amaxa Nucleofector (Lonza). Cells were seeded into 6-well plates and incubated for 6  h at 

28 °C. Culture medium was changed 48  h after transfection and 6  h after nucleofection, and the 

percentage of GFP positive cells was determined by flow cytometry (BD Biosciences, San Jose, 

CA). 

Alkaline Phosphatase Activity 

BSa2 cells were seeded at the density of 3  ×  10
5
 cells/well in 6-well plates and cultured in 

medium supplemented with 10  mM β-glycerophosphate, 4  mM calcium chloride, and 50  μg/ml 

of ascorbic acid or left untreated (control), and supplemented medium was renewed twice a 

week. After 3  weeks of treatment, cells were washed with PBS, fixed in 1% (V/v) 

glutaraldehyde solution (prepared in PBS) for 10  min, washed twice with PBS, and then 

incubated in the dark in a buffer (100 mM Tris-HCl [pH  9.5], 50 mM MgCl2, 100 mM NaCl, 

0.1% Tween20) containing bromo-chloro-indolyl phosphate and nitroblue tetrazolium 

(BCIP/NBT, Sigma-Aldrich). The development of a blue signal indicative of alkaline 

phosphatase (AP) activity was observed by microscopy. After 1  week of treatment, the ALP 

activity was also measured in cell extracts by spectrophotometry according to the method 

described by Tiago et al. (2008). 

ECM Mineralization 

Confluent BSa2 cell cultures were placed in medium supplemented with 10  mM β-

glycerophosphate, 4  mM calcium chloride, and 50  μg/ml of ascorbic acid or left untreated 

(control). Supplemented medium was renewed twice a week. After 3  weeks of treatment, levels 

of mineralized ECM were assessed through Alizarin Red S staining (40  mM at pH  4.2; Sigma-

Aldrich) and von Kossa’s silver nitrate staining (Bills et al. 1974). For alizarin red S (AR-S) 

staining, the cells were washed three times with PBS at room temperature, fixed with 4% 

formaldehyde (in PBS) for 1  h at 4 °C, washed three times with distilled water, and then 

incubated with 40  mM AR-S for 15  min at RT with gentle agitation. After discarding the stain, 
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the cells were washed four times with MilliQ water. For the quantification of dye, the stained 

ECM was distained with 10% cetylpyridinium chloride for 15  min at RT and absorbance 

measured at 550  nm by spectrophotometry. For von Kossa’s silver nitrate staining, the cells 

were washed three times with PBS at room temperature, fixed with 4% formaldehyde (in PBS) 

for 1  h at 4 °C, washed three times with distilled water, and then incubated with 5% silver 

nitrate for 30  min under ultraviolet light. Formation of mineralized nodules in the ECM was 

observed under an inverted light microscope. Relative levels of ECM mineralization were 

determined by densitometric methods with Quantity 1 software (Bio-Rad, Amadora, Portugal). 

Proteoglycan Production 

BSa2 cells were seeded normally or cultured in high density micromass-culture (Shakibaei et al. 

1993), briefly 10 μL drops of a concentrated BSa2 cell suspension (5 ×  X 10
6
 cells/mL) were 

placed in around 1-  cm intervals on each well and allowed to attach at 28 °C for overnight. The 

medium was then replaced with chondrogenic medium supplemented with 6.25  μg/ml of human 

insulin, 50  nM ascorbate 2-phosphate, and 10  ng/ml of human transforming growth factor-β1 

(TGF-β1) (all from Sigma-Aldrich), or left untreated (control). Supplemented medium was 

renewed twice a week. After 3  weeks of treatment, the presence of proteoglycan deposition in 

the matrix was assessed through Alcian Blue 8GS staining (Scott and Dorling 1965). For this, the 

cells were washed twice with PBS, fixed for 1 h with 4% formaldehyde (in PBS), washed twice 

with 0.1  N HCl, and then incubated for 5  h at room temperature with 0.5% (w/v) Alcian blue 

8GX (in 0.1  N HCl at pH  1.0). Unbound dye was removed by extensive washes with distilled 

water. ECM staining was observed under an inverted light microscope and quantified, after 

solubilization in 1% SDS, at 595  nm. 

Osteoclast Differentiation 

BSa2 cells were plated at a density of 1  ×  10
5
 cells/13-mm cover slips (Sarstedt) in a 6-well 

plate and then cultured in medium supplemented with 25  ng/ml of human macrophage-colony-

stimulating factor (M-CSF) and 40  ng/ml of human receptor activator of nuclear factor κB 

ligand (RANKL) (Peprotech, Rocky Hill, NJ) or left untreated (control). Supplemented medium 

was renewed twice a week. Osteoclast differentiation was assessed through tartrate-resistant acid 

phosphatase (TRAP) staining (modified protocol after Burstone 1959). At 2 and 3  weeks, 

cultures were fixed with 4% (v/v) formalin (in PBS) for 15  min, washed in PBS, pre-incubated 
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for 10  min at 20 °C in 0.1  M veronal-acetate buffer containing 50  mM sodium tartrate at 

pH  5.5 and then incubated for up to 6  h at 20 °C in a working solution containing 0.066  mg/ml 

of naphthol-ASBI-phosphate, 0.04% (w/v) magnesium chloride, 0.0013  mg/ml of hexazotized 

pararosanilin, and 50  mM sodium tartrate in veronal-acetate buffer at pH  5.5 (all from Sigma-

Aldrich). Development of the characteristic red staining was followed and when appropriate, 

stopped with demineralized water. Coverslips were mounted with antifade mounting medium 

Mowiol (Sigma-Aldrich) (Valnes and Brandtzaeq 1985). The number of positive cells per 

coverslip was counted under an inverted light microscope. 

Bone Resorption Assay (Osteologic Discs) 

To evaluate bone resorption by pit formation, BSa2 cells were cultured for 3  weeks on BD 

BioCoat Osteologic hydroxyapatite discs (BD Biosciences, Bedford, MA) at the density of 1 ×  x 

10
6
 cells and maintained in the same culture condition as indicated above in osteoclastic 

differentiation. After 3  weeks, cells were removed with a solution of 20% sodium hypochlorite 

for 5  min. To better analyze the resorption lacunae, the discs were stained with von Kossa’´s, 

and bone resorption activity was observed under bright field microscopy. 

Immunofluorescence Staining 

For immunophenotyping, BSa2 cells grown on 13-mm glass coverslips supplemented with 

osteogenic, chondrogenic, and osteoclastic cocktails were briefly fixed with 100% ice cold-

methanol for 10  min, washed with PBS, permeabilized with 0.1% Triton X-100 for 5  min, and 

blocked in PBS containing 1% bovine serum albumin (BSA). Mouse monoclonal antibodies 

against type 2 collagen/Col2 (II-II6B3), chondroitin sulfate proteoglycans/Cspgs (9BA12) 

(Developmental Studies Hybridoma Bank, Iowa City, IA) for chondrogenic differentiation were 

diluted 1:200, and rabbit polyclonal antibody against teleost osteocalcin1 (Oc1) (Simes et al. 

2004) for osteogenic differentiation were diluted 1:200. All the above dilutions were made in 

PBS with 1% BSA and directly added to the fixed cells at room temperature for 2  h. Cells were 

washed with 1:10 dilution of blocking buffer in PBS then incubated with Alexa fluor 594-linked 

secondary antibody (either anti-mouse IgG or anti-rabbit IgG, Invitrogen) for 45  min at room 

temperature in the dark. Cells were washed several times with PBS, mounted in Mowiol (Sigma) 

and observed using an Axio observer Z2 fluorescence microscope (Zeiss) with Apotome, 

equipped with an Axiocam camera (Zeiss). 
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RNA Preparation and RT-PCR 

Total RNA was extracted from BSa2 cells treated/non treated with mineralization medium using 

the method described by Chomczynski and Sacchi (1987). RNA integrity was confirmed 

following 1% (w/v) agarose/MOPS-formaldehyde gel electrophoresis, and RNA quantity was 

determined through spectrophotometry (NanoDrop 1000; Thermo Scientific). Total RNA (1  μg) 

was treated with RNase-free DNase I (Promega) during 30  min at 37 °C and reverse-transcribed 

at 37 °C for 1  h using the Moloney-murine leukemia virus (M-MLV) reverse transcriptase 

(Invitrogen), RNase Out (Invitrogen) and an oligo-d(T) primer [5′-

ACGCGTCGACCTCGAGATCGATG(T)13–-3′]. 

Analysis of Gene Expression by Quantitative Real-Time PCR 

Levels of gene expression were determined through real-time PCR amplification carried out 

using gene-specific primers (Supplementary Table 1 ) and normalized using the reference gene 

rpl27a. A reaction mixture containing 1× Sso Fast EvaGreen supermix (Bio-Rad), 10  μM of 

forward and reverse primers, and 1:10 dilution of reverse-transcribed RNA was submitted to the 

following PCR conditions: 4  min at 95 °C, 40–50  cycles (each cycle is 30  s at 95 °C, 45  s at 

68 °C). rpl27a relative gene expression was used to normalize gene expression levels. 

Amplifications were performed by using the StepOnePlus Real-Time PCR system (Applied 

Biosystems). The relative expression ratio of target genes was calculated by the 
ΔΔ

Ct method. 

Results 

Process of Fin Regeneration 

Similar to zebrafish and medaka, S. aurata fins can also fully regenerate their missing structures 

in 14  days following amputation (Fig.  2aA). Within 12 hpa, the wound was healed by the rapid 

migration of the epithelial cells to cover the surface of the stump. Formation of wound 

epidermis, followed by a blastema was detectable at 48 hpa. The complete formation of blastema 

can be seen at 72 hpa (Fig. 2aA). The alizarin staining revealed that the onset of mineralization 

took place between 5 and 6 dpa (Fig. 2bB). At 9 dpa, the mineralized lepidotrichia were already 

starting to bifurcate (Fig. 2bB). Azan staining revealed the formation of a wound epidermis at 48 

hpa (Fig. 2cC) followed by migration of mesenchymal cells located under the wound epidermis 

which migrated distally, leading to the completion of blastema formation at 72 hpa (Fig. 2dD). 



 

10 

 

No bone was yet regenerating at 4 dpa (Fig. 2eE). The formation of new bone could only be seen 

at 6 dpa (Fig. 2fF-2, Gg), confirming the results achieved through alizarin red staining. Further, 

the outgrowth of caudal fins at 7, 9, and 14 dpa showed the progression of the lepidotrichia 

regenerative process (Fig. 2hH-2, Jj). 

Establishment of the BSa2 Cell Line 

Primary cultures were obtained from 2 and 4 dpa caudal fin. The cells quickly migrated from the 

explants and formed a monolayer in 3  days, and these were subcultured at intervals of 3–-

5  days. The cells were split in a ratio of 1:2. After two passages, the cells derived from 4 dpa 

died gradually. Only the cells from the 2 dpa explants developed into a cell line and were 

designated as BSa2 (rRefer to Fig. 1 for the detailed procedure for obtaining the regenerating 

caudal fin explants for cell culture). BSa2 cell line was subcultured for more than 30 passages. 

The morphology of BSa2 cell line showed polygonal phenotype (Fig.  3Aa) and the cells were 

found to be contact-inhibited. Phenotype was maintained after more than 30 passages. Cell 

monolayer was routinely dissociated every 3–-5  days using trypsin-EDTA and divided 1:2. The 

growth of BSa2 cells was supported well in L-15 medium, without supplementing with fish 

serum. Cryopreservation of BSa2 cells at different passages was achieved successfully as 

evaluated by percentage of recovery and survival from cryopreservation. 

Characterization of BSa2 Cell Line 

To determine the optimal requirement of serum in BSa2 cells, growth rate was determined using 

4 different FBS concentrations, and 15% FBS was found to be optimal (Fig. 3bB). The average 

viability of the cells after cryopreservation was estimated at about 90%, and surviving cells 

actively divided subsequently (results not shown). DNA delivery into BSa2 cells at passage 20 

was assayed through lipofection, nucleofection or using polymers, and evaluated through GFP 

fluorescence. While lipofection and polymer-assisted transfection resulted in very few GFP-

positive cells (efficiency was less than 2%; Fig. 3cC), nucleofection was found to be more 

efficient (highest efficiency was 12% in buffer V using electrical program 4; Fig. 3Cc). 

Osteoblastic and Chondroblastic Differentiation 

To determine the differentiation potential of BSa2 cells into an osteoblastic lineage, confluent 

cell cultures were treated for 3  weeks with osteoblastic cocktail and mineral deposition within 

the extracellular matrix (ECM) was evaluated. The presence of numerous calcium-phosphate 
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nodules of various sizes was evidenced in BSa2 ECM through von Kossa’s (VK) and alizarin red 

S (AR-S) stainings (Fig.  4a,A cand 4C, respectively). No nodules were observed in untreated 

cells (insert in Fig. 4aA and, 4Cc). ECM mineralization was further quantified through 

densitometry (VK; Fig. 4bB) and spectrophotometry (AR-S; Fig. 4Dd) analysis. Further, BSa2 

cell cultures exposed for 3  weeks to the osteogenic cocktail exhibited a strong alkaline 

phosphatase (ALP) activity (Fig. 4eE), although some ALP activity was observed in untreated 

cells (insert in Fig. 4Ee); this was further confirmed through enzymatic assays of ALP activity 

(Fig. 4Ff). 

To determine the differentiation potential of BSa2 cells into the chondrocytic lineage, the high 

density micromass-culture cells were treated for 3  weeks with chondroblastic cocktail and 

evaluated through the measurement of sulfated proteoglycans production. Microscopic 

observation revealed the presence of aAlcian blue staining in the differentiated BSa2 cells (Fig. 

4gG) corresponding to cartilage associated proteoglycans. No staining was observed in untreated 

cells (insert in Fig. 4gG). Proteoglycan content was further confirmed through spectrophotometry 

analysis (Fig. 4Hh). 

Osteogenic and chondrogenic differentiation of BSa2 cells were further confirmed by 

immunocytochemistry using antibodies specific for osteoblast-specific Osteocalcin1 (Fig.  5Aa-

5–Dd) and cartilage-associated proteins including chondroitin sulphate proteoglycans (Fig. 5eE, -

5Hh) and type 2 collagen (Fig. 5I-5Li, l) respectively. No signal was detected in negative 

controls (Fig. 5M-5Pm, p), cells left untreated or at week 0 (data not shown). 

Osteoclast Differentiation 

Differentiation into osteoclastic lineage was triggered by treating confluent BSa2 cells for 

3  weeks with RANKL and M-CSF and evaluated through the measurement of TRAP activity. 

While no TRAP positive cells were detected at time 0 (T0) (Fig.  6aA), several TRAP positive 

cells were observed at 2  week (T2) (Fig. 6Bb), and even more TRAP positive cells were 

observed at 3  week (T3) (Fig. 6Cc). The number of TRAP positive cells was 5 times higher in 

cultures stimulated for 3  weeks (Fig. 6Dd) when compared to with 2  week. Osteoclasts obtained 

from BSa2 were tested further for their function in terms of bone resorption (pit formation), as 

shown in Fig.  7A-7Ca–c. The BSa2 cells were able to produce resorption lacunae on osteologic 

discs after 3  weeks of stimulation (Fig. 7bB). 
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Expression of osteoclast related genes, namely, osteoclast-stimulating factor-1 (OSTF-1) and 

cathepsin K (CTSK) were evaluated by qPCR in total RNA isolated from BSa2 cell cultures 

treated for 3  weeks with RANKL and M-CSF and compared to with control cells (Fig. 7D-7Ed, 

e). The qPCR analysis of osteoclast marker gene expression revealed the up-regulation OSTF-1 

and CTSK during the 1st and 3rd week of treatment. 

Gene Expression dDuring Mineralization of BSa2 Cells 

Expressions of several bone and cartilage-related genes (spp1, sparc, col1a1, oc1, bmp2, and 

s100) were evaluated by qPCR in total RNA isolated from BSa2 cell cultures undergoing 

osteoblast differentiation (1  week) and ECM mineralization (3  weeks) and compared to with 

control cells (Fig.  8). The qPCR analysis of osteoblast marker gene expression revealed the up-

regulation of non-collagenous ECM proteins (spp1 and sparc) and matrix proteins (col1a1) 

during 3rd week of treatment. 

Discussion 

Development of a cell culture derived from 2 dpa regenerating caudal fin of S. aurata opens the 

possibility to investigate in vitro the cellular and molecular mechanisms associated to epimorphic 

regeneration of caudal fin. Here we present, for the first time, the establishment of a cell line 

derived from 2 dpa regenerating caudal fin of S. aurata, with the ability of differentiating into 

osteoblastic, chondrocytic, or osteoclastic lineages. We have further identified that the process of 

fin regeneration in S. aurata is similar to that of other teleosts like zebrafish and medaka (Poss et 

al. 2003; Katogi et al. 2004). The primary cultures were initiated from 2 and 4 dpa regenerating 

caudal fin using explant culture, but only the cells from 2 dpa regenerating caudal fin survived 

well and derived as a cell line, viz., BSa2, suggesting that 4 dpa cells were already in a more 

committed stage and less prone to proliferate actively under the in vitro conditions used. The 

cells were cultured in a standard medium without any further supplements like conditioned 

medium or fish serum and sub cultured for more than 30 passages keeping a stable morphology 

(showed polygonal phenotype). Growth rate of BSa2 cells was shown to be optimal using 10% 

and 15% FBS. Poorer results were obtained for lower concentration of FBS 5% or higher 

concentration of 20%, possibly due to the absence of optimal growth factors found in 5% and 

increased levels in 20% which resulted in a cytotoxic effect on BSa2 cell proliferation. This data 

is in contrast with the primary cultures from zebrafish blastema cells where 5% is optimal, and 
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higher concentrations lead to lower proliferation rates (Parameswaran et al., unpublished data), 

highlighting the fact that cells derived from similar tissues but from different organisms have 

indeed different requirements, a fact already observed for other cell types like bone derived cells 

(Pombinho et al. 2004; Vijayakumar et al. 2013). 

BSa2 cells were successfully cryopreserved using the methods already developed for mammalian 

cells and also successfully applied to marine fish cell lines previously (Marques et al. 2007) 

which allowed a permanent maintenance in the laboratory without the need to keep them 

continuously in culture. The efficient delivery of DNA vectors into the cells is important for 

successful gene targeting approach (Koller et al. 1989). BSa2 cells were successfully transfected 

using nucleofection, and therefore, they represent a suitable tool for the evaluation of promoter 

efficiency using various gene constructs and expression studies. 

Osteoblasts are cells specialized in the production of an extracellular matrix susceptible to 

mineralization (Blair et al. 2002). Mechanisms of osteoblast differentiation have been studied in 

vitro using essentially primary cultures or lines of cells isolated from mammalian bone (Declercq 

et al. 2004) or from bone marrow (Aubin and Triffit 2002) or cartilage (Alsalameh et al. 2004), 

and also from fish bone and stem cells (Pombinho et al. 2004; Parameswaran et al. 2012). 

Generally mineralization of mammalian osteoblast requires medium supplementation with 

ascorbic acid (for the correct formation of collagen fibers) and β-glycerophosphate (a phosphate 

donor for the formation of hydroxyapatite crystals) (Costa and Fernandes 2000; Fournier and 

Price 1991; Kellermann et al. 1990; Otsuka et al. 1999). However in fish pre-osteoblasts, ECM 

mineralization was achieved in a consistent way only when in addition to the two supplements 

used for mammalian cells, calcium was also added in order to achieve a sustainable formation of 

hydroxyapatite crystals (Pombinho et al. 2004; Parameswaran et al. 2012). Accordingly, BSa2 

cells treated with the same cocktail, as for other fish cell lines, were able to mineralize their 

ECM and showed an increased expression of osteoblastic markers at sites of cell aggregation and 

ECM mineralization (Fig. 4A, 4C and 4Ea, c, e). Furthermore, these cells expressed high alkaline 

phosphatase activity, a marker of bone formation in vivo, which showed that alkaline 

phosphatase activity positively affected the predisposition of these cells to differentiate towards 

an osteoblastic-like phenotype, which is similar to the report of Vijayakumar et al. 2013. 

Expression of osteoblastic specific osteocalcin was also detected confirming the presence of 
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mature osteoblastic cells. These data provide evidence that BSa2 cells can differentiate into an 

osteoblastic phenotype. 

Chondrocytes are cells specialized in the production and maintenance of a cartilaginous matrix. 

Differentiation of BSa2 cells towards chondrocytic lineage was achieved by high density mass-

culture, as described for primary cultures of mouse chondrocytes isolated from limb buds 

(Shakibaei et al. 1993), and using a chondroblastic cocktail developed for mammalian cells (Zuk 

et al. 2002). This cocktail was supplemented with transforming growth factor-β1 (TGF-β1), a 

key factor in the regulation of cellular differentiation in cartilage formation. Using the above 

cocktail, in particular TGF-β1, triggered the BSa2 cells to form three-dimensional aggregates 

producing highly sulfated proteoglycans present in cartilage matrix (Zuk et al. 2002). Similar 

results have been reported by Ogawa et al. 2004 in a study where adipose-derived stem cells 

treated with TGF-β1 resulted in three- dimensional aggregates that positively stained with 

aAlcian blue (Ogawa et al. 2004). Microscopic observations revealed the presence of aAlcian 

blue staining in the matrix secreted by differentiated BSa2 cells corresponding to cartilage 

associated proteoglycans. Similar results have previously been reported by Parameswaran et al. 

(2012) in a study where fish blastula– derived stem-like cells treated with transforming growth 

factor-β1 resulted in three-dimensional aggregates that positively stained with aAlcian blue. 

Expression of chondrocyte specific proteins, including chondroitin sulfate proteoglycans and 

type 2 collagen, were also detected mostly at the sites where cells formed condensations. These 

data strongly suggest the ability of BSa2 cells to differentiate towards a chondroblastic 

phenotype and produce a cartilaginous matrix. 

Based on the above results, we propose that BSa2 cells can differentiate into osteoblastic and 

chondrocytic cell lineages upon appropriate stimulation and thus represent a promising model for 

investigating skeletal-lineage cell differentiation upon regeneration. 

Osteoclasts differentiated from hematopoietic monocyte/macrophage precursor cells under the 

control of two main cytokines, M-CSF, which is required for proliferation, survival, and 

expression of RANK in osteoclast precursors, and RANKL, which is critical for activation and 

survival of osteoclasts and for their fusion into large multinucleated cells. Upon treatment with 

M-CSF and RANKL, BSa2 cells developed an osteoclastic phenotype with an increased 

production of TRAP. Furthermore, these cells had the capability to produce resorption lacunae 

upon seeding on osteologic discs, similar to what was previously reported for mammalian cells 
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(García-Pérez et al. 2006). The mRNA levels of osteoclast markers, such as osteoclast-

stimulating factor-1 (OSTF-1) and Cathepsin K (CTSK), were found to be increased in BSa2 

cells under RANKL/M-CSF treatment. OSTF-1 is an intracellular protein produced by 

osteoclasts that indirectly induces osteoclast formation and bone resorption (Reddy et al. 1998). 

The cDNA of S. aurata OSTF-1 was reconstructed using ESTs from our laboratory (V. Laizé 

Pers. Comm.). We found that the expression of this gene was up-regulated (1.2 fold) at 1  week 

of treatment and 1.4 fold at 3  weeks of treatment, compared to with control cells. Cathepsin K, a 

lysosomal cysteine proteinase, is a key enzyme in the degradation of demineralized bone ECM, 

and it is highly expressed by osteoclasts (Drake et al. 1996). Its expression has been shown to be 

up-regulated (1.4 fold) at 1  week of treatment and 1.4 fold at 3  weeks of treatment, compared to 

with control cells. To our surprise, the mRNAs of OSTF-1 and CTSK were also expressed in 

control cells. This was the reason for us to believe that these cells are behaving like progenitors, 

and even in normal culture conditions, these cells possess spontaneous differentiation capacity. 

According to these results, we assumed that blastema cells differentiated into osteoclasts. But 

further studies are needed to explore this hypothesis. Based on the above results, we concluded 

that RANKL/M-CSF might induce BSa2 cells to differentiate and function as osteoclasts. 

Expression of ECM proteins by BSa2 cells showed a pattern consistent with the expected type of 

differentiation. Osteopontin (Spp1) and osteonectin (Sparc) are two non-collagenous proteins 

present in osteoblast- produced ECM (Bellows et al. 1999; Gorski 1992). Spp1 is a highly 

phosphorylated sialoprotein and a prominent component of bone and teeth- mineralized ECM 

(Sodek et al. 2000), and Sparc is a matricellular glycoprotein with calcium- binding domains that 

has been associated with regulation of ECM mineralization in osteoblasts (Yan and Sage 1999). 

These two proteins have been reported to play a role in the regulation of mineralization (Bellows 

et al. 1999), attachment of osteoblasts and osteoclasts to the bone matrix, and/or attraction of 

cells to the bone matrix (Cowles et al. 1998). Expression of both these genes in BSa2 cells was 

stable in control cells and significantly up-regulated in cells undergoing differentiation (3.8 and 

2.2 fold increase for spp1 and sparc, respectively). During ECM mineralization, upon exposure 

to the osteogenic cocktail, spp1 was highly upregulated with a 39.6 fold increase while sparc 

expression increased to 3.8 fold relatively to the control cells. An increase in spp1 expression 

during mineralization in BSa2 cells is in agreement with previous reports in mammalian (Kärner 

et al. 2009; Zur Nieden et al. 2003) and fish (Tiago et al. 2011) cell systems. In VSa13 and 
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VSa16 cells, spp1 has been shown to be highly up-regulated (~ 100×x) during mineralization of 

the ECM (Tiago et al. 2011) similar to the results obtained in this study. Up-regulation of sparc 

expression during ECM mineralization in BSa2 cells is in agreement with previous reports in 

mouse embryonic stem cells and human mesenchymal stem cells (MSC) (Zur Nieden et al. 2003; 

Kulterer et al. 2007), but surprisingly, this results are contradictory to previous expression data in 

gilthead seabream bone-derived VSa13 and VSa16 cells (Laizé et al. 2005), where the authors 

reported a decrease in expression during ECM mineralization by 73% and 62% respectively. 

This might possibly be due to the fact that VSa13 and VSa16 are derived from vertebral tissues 

while BSa2 cells are derived from regenerating caudal fin, where they act like multipotent cells 

and indeed regulation of gene expression may differ in each cell type. 

Type I collagen (col1a1) is known to be an early marker of osteoprogenitor cells and major 

structural component of bone ECM (Bou-Gharios and De Crombrugghe 2008; Jikko et al. 1999). 

Its expression has been found to be increased in cells undergoing differentiation (1.3 fold 

increase). Maximum expression was reached during ECM mineralization (3.2 fold increase) 

compared to with control cells, similar to the reports of pre-osteoblastic VSa16 cells (Viegas et 

al. 2012), and also in agreement with previous reports using human mesenchymal stem cells 

(MSC) (Kulterer et al. 2007), where the authors found that maximum expression was reached at 

21  days of osteogenic differentiation treatment. 

Bone morphogenetic protein 2 (Bmp2) is a glycosylated protein involved in the induction of 

osteoblast differentiation and ECM mineralization through Bmp receptors and smad signaling 

pathway (Wang et al. 1988; Takuwa et al. 1991); our laboratory has identified only one bmp2 

isoform in S. aurata, which was involved in tissue mineralization (Rafael et al. 2006). 

We found that this bmp2 expression in BSa2 cells to be down-regulated during both the 

differentiation and ECM mineralization processes, contrary to what was reported for VSa13 cells 

(Rafael et al. 2006). Like previously discussed for sparc gene expression, this might be due to 

different origins of cell lines and specific gene expression patterns. 

The osteocalcin (Oc) gene encodes a ~ 6-kDa noncollagenous bone-specific protein. The protein 

is secreted by osteoblasts and is thought to play a role in osteoblast differentiation and in 

controlling hydroxyapatite crystal formation during ECM mineralization at late stages of bone 

formation (Hauschka et al. 1989). In several teleosts, including S. aurata, two osteocalcin genes 

have been identified. The oc1 (the ortholog of mammalian OC) was down-regulated during both 
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the differentiation and ECM mineralization. These data are contradictory to the previous 

expression data in mammalian (Kärner et al. 2009; Zur Nieden et al. 2003) cell systems. 

S100 is a calcium-binding protein involved in various cellular activities such as signal 

transduction, cell differentiation, gene transcription, calcium homeostasis, and cell cycle 

progression (Heizmann et al. 2002; Heizmann and Fritz 2009). We have previously reported the 

discovery of a novel S100-like calcium-binding protein in S. aurata and emphasized its potential 

role as a marker of mineralizing cartilage in developing fish (Fonseca et al. 2011). We found that 

the expression of this gene was up-regulated during the differentiation (12.5 fold increase) and 

ECM mineralization (4 fold increase), whereas, control cells showed no expression, similar to 

the reports of Fonseca et al. (2011) and Tiago et al. (2011) where they found up-regulation of 

s100 gene expression in chondrocytic and osteoblastic cells undergoing ECM mineralization. 

qPCR analysis of osteoblast marker gene expression revealed the up-regulation of non-

collagenous ECM proteins (spp1 and sparc), matrix proteins (col1a1) and thus further 

demonstrated the osteoblastic potential of BSa2 cell line. 

In conclusion, we have shown the establishment of the first successful cell line from the 2 dpa 

regenerating caudal fin of S. aurata with the ability of multilineage differentiation and capability 

of in vitro mineralization upon appropriate treatment. The availability of such in vitro tool will 

stimulate the research on the mechanisms of cell differentiation during fin regeneration and will 

open the possibility to acquire new insights into the mechanisms of bone formation. Although 

BSa2 is the first cell line of its kind, we expect the technique described in this article can also be 

used successfully to develop regenerating caudal fin cell cultures or cell lines from other fish 

species. 
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Fig. 1 Schematic diagram showing the amputation of S. aurata 2 dpa regenerating caudal fin for 

cell culture. Amputation of the caudal fin (aA) and re-amputation (Bb) procedures towards 

blastema collection (Cc). Minced explants seeded in cell culture dish (Dd). Dotted lines indicate 

amputation and re-amputation planes. Blastema is indicated in red. 

Fig. 2 Process of caudal fin regeneration in S. aurata. Full regeneration of caudal fin structures 

was achieved at approximately 14 dpa (aA). Formation of wound epidermis can be seen at 

48  hpa. At 48–-72  hpa, a mass of highly proliferative cells called blastema can be detected 

above each of the amputated fin rays. Later the blastema grew distally and differentiated to 

replace all the missing fin structures (aA). Progression of the mineralization process detected 

using alizarin red staining (bB). The onset of mineralization took place between 5 and 6 dpa 

(arrow). At 9 dpa, the mineralized lepidotrichia were already starting to bifurcate (asterisk). The 

dashed lines roughly represent the sites of amputation (Bb). Azan stained sections (5  mm) of 

regenerating caudal fin of S. aurata at different regeneration stages (Cc-jJ). Aniline blue staining 

show mineralized fin rays. Migration and accumulation of epidermal cell layers at 48  hpa, 

forming the wound epidermis (asterisk) (Cc); non-epidermal cells migrating to the amputation 

site (arrow), to complete the formation of blastema (highly proliferative regenerating tissue) at 

72 hpa (Dd); no bone was regenerating yet at 4 dpa (Ee); new bone was already regenerating 

(arrowhead) at 6  dpa (Ff); higher magnification of the newly mineralized bone in Gg, clearly 
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showing bone forming cells (orange cells in the periphery of the mineralized rays stained as 

blue); outgrowth of the caudal fins at 7, 9 and 14 dpa, respectively (hH-jJ). Bar is 0.3 mm in Bb, 

50  mm in Cc-–gG, j,J and 100  mm in Hh-–iI. 

Fig. 3 Characterization of BSa2 cells. Phase contrast micrographs of confluent cultures of S. 

aurata cells at passage (P) 15 and 26 (Aa). Proliferation of BSa2 cells at passage 14 cultured for 

15  days in medium supplemented with different FBS concentrations, and values calculated from 

atleastat least 6 biological replicates (n  =  6) (Bb). Efficiency of DNA delivery into BSa2 cells 

assessed through GFP fluorescence. Insert shows GFP signal in BSa2 cells nucleofected using 

buffer v and program 4 (v-4). Results are the mean of the flow cytometry analysis from three 

separate experiments (n  =  3) (Cc). Bar is 200  μm and 100  μm in insert C. 

Fig. 4 Extracellular matrix mineralization (Aa-–dD), alkaline phosphatase activity (Ee, Ff) and 

sulfated proteoglycan production (Gg, Hh) in BSa2 cells. Phase contrast micrographs of von 

Kossa-stained BSa2 cells at passage 18 treated for 3  weeks with osteogenic cocktail. Mineral 

nodules appear in black. Insert, untreated cells (Aa). Levels of ECM mineralization by 

densitometry analysis of von Kossa staining after 3  weeks of treatment, and values calculated 

from 3 biological replicates (Bb). Phase contrast micrographs of alizarin red-stained BSa2 cells 

at passage 18 treated for 3  weeks with osteogenic cocktail. Mineral nodules appear in red. Insert, 

untreated cells (cC). Levels of ECM mineralization by spectrophotometry analysis of AR-S 

staining after 3  weeks of treatment, and values calculated from 3 biological replicates (Dd). 

Phase contrast micrographs of mineralizing cell cultures stained for alkaline phosphatase activity 

(purple color) at passage 18 treated for 3  weeks with osteogenic cocktail. Insert, untreated cells 

(Ee). Levels of Alp activity in 1-week mineralizing cell cultures, and values calculated from 3 

biological replicates (Ff). Phase contrast micrographs of aAlcian blue-stained BSa2 cells at 

passage 23 treated for 3  weeks with chondrogenic cocktail. Sulfated proteoglycans appear in 

blue (white arrows). Insert, untreated cells (Gg). Levels of sulfated proteoglycans by 

spectrophotometry analysis of AB staining after 3  weeks of treatment, and values calculated 

from 3 biological replicates (hH). Bar is 200  μm in A, C, E and 50  μm in G. ND means: not 

detected. 

Fig. 5 Osteoblastic and chondroblastic differentiation of BSa2 cells confirmed by 

immunofluorescence labeling. A-D, cCells immunolabeled with anti-osteocalcin1 antibody (a–

d); E-H, cells immunolabeled with anti-chondroitin sulphate proteoglycans antibody (e–h); I-L, 
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cells immunolabeled with anti-collagen 2 antibody (i, l); M-P, Negative control (m–p). A,E,I,M 

cCells labeled with DAPI (blue) (a, e, i, m); B,F,J,N cells labeled with Alexa (red) (b, f, j, n); 

C,G,K,O shows DIC image (greygray) (c, g, k, o); D,H,L,P merged images of DAPI (blue) (d, 

h, l, p), Alexa 594 (red) and DIC (greygray) for T3 (3  weeks treatment). Bar is 10  μm. 

Fig. 6 Osteoclastic differentiation of BSa2 cells at passage 14 assessed through tartrate-resistant 

acid phosphatase (TRAP) staining. Micrographs of BSa2 cells seeded on plastic cover slips at 

time 0 (Aa) and after exposure to RANKL and M-CSF after 2  weeks (Bb) and 3  weeks (Cc). 

Inserts in C show other TRAP-positive cells in different areas of the cover slips. Number of 

TRAP-positive cells per coverslip after 2  weeks (T2) and 3  weeks (T3) of treatment (dD). 

TRAP-positive cells are indicated by arrows. All the images were taken with DIC contrast. Bar is 

10  μm. ND means: not detected. 

Fig. 7 Osteoclastic differentiation of BSa2 cells at passage 23 assessed through pit resorption 

assay using osteologic discs and real-time PCR analysis using osteoclast specific genes. 

Micrographs of BSa2 cells seeded on osteologic discs exposed to RANKL and M-CSF after 

3  weeks (Bb) or left untreated (Aa). Quantification of resorbed area (Ppercent of resorption/ 

total disc area) presented as mean   ±   standard deviation calculated from 3 different osteologic 

discs (Cc). Images Aa and -Bb are at × 40X magnification. Inserts in aA shows other resorption 

pits in different areas of the discs. Real-time PCR analysis of osteoclast specific genes in BSa2 

cells treated for 3  weeks with RANKL/M-CSF (d,D- Ee). ctsk, Cathepsin K; ostf-1, Osteoclast-

stimulating factor-1. Values are presented as mean   ±   standard deviation calculated from 3 

biological replicates. Asterisks indicate values statistically significant from control and cardinals 

indicate values statistically significant from 1st and 3rd week of RANKL/M-CSF treated culture 

(one-way ANOVA P  <  0.05). 

Fig. 8 Real-time PCR analysis of bone-related genes in BSa2 cells treated for 3  weeks with 

osteoblastic cocktail. spp1, osteopontin; oc1, osteocalcin1;, sparc, osteonectin,; bmp2, bone 

morphogenetic protein 2,; col1a1, collagen type 1;, s100, s100-like calcium-binding protein. C 

means: control cultures; M: means mineralizing cultures. Values are presented as 

mean  ±  standard deviation calculated from 3 biological replicates. Asterisks indicate values 

statistically significant from T0 and cardinals indicate values statistically significant from 

mineralization and control (one-way ANOVA P  <  0.05). 

 




