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Abstract

:

The caudal fin of teleost fish has become an excellent system for investigating the mechanisms of epimorphic regeneration. Upon amputation of the caudal fin, a mass of undifferentiated cells, called blastema, proliferate beneath the wound-epidermis and differentiate into various cell types to faithfully restore the missing fin structures. Here we describe a protocol that can be used to isolate and culture blastema cells from zebrafish. Primary cultures were initiated from 36 h post-amputation (hpa) blastema and optimal cell growth was achieved using L-15 medium supplemented with 5% fetal bovine serum in plates either coated with fibronectin or uncoated. After seeding, zebrafish blastema cells formed a uniform culture and exhibited polygonal shapes with prominent nucleus, while various cell types were also observed after few days in culture indicating cell differentiation. Upon treatment with all-trans retinoic acid, zebrafish blastema cells differentiated into neuron-like and oligodendritic-like cells. Immunocytochemistry data also revealed the presence of mesenchymal and neuronal cells. The availability of blastema cell cultures could contribute to a better understanding of epimorphic regeneration by providing a mean to investigate the mechanisms underlying blastema cell differentiation. Furthermore, this protocol is simple, rapid, and cost-efficient, and can be virtually applied to the development of any fish blastema cell culture.
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1. Introduction


Due to its remarkable simplicity and accessibility, the caudal fin of teleost fish has become an excellent system for investigating the cellular and molecular mechanisms of epimorphic regeneration, i.e., the complete reformation of missing tissues (reviewed by [1,2,3,4,5]). Upon amputation of caudal fin tissues (i.e., bony rays covered with a thin epidermis, nerves, blood vessels, and connective tissue), a thick wound epidermis forms rapidly at the amputation plane, while a mass of undifferentiated cells, called blastema, proliferate beneath the wound epidermis [6]. It has been proposed that blastema is formed by cells that de-differentiate but remain lineage committed [7,8,9]. Blastema cells will contribute to various cell types—e.g., osteoblasts, vasculature, melanocytes, and epidermal cells—to faithfully restore missing fin structures [10,11,12,13] through molecular and genetic processes that have been approached in several studies [14,15,16,17]. Recently, Tu and Johnson demonstrated that blastema cells do not differentiate into cell lineages that were not already present in the caudal fin tissues [9].



Full regeneration is usually achieved after 10–15 days depending on the species, the level of amputation, and culture conditions. Protocols to prepare zebrafish primary cell cultures have been established recently to study the structural and functional properties of cardiomyocytes [18], neurogenesis [19], and mechanisms underlying inhibition of neural regeneration in vitro [20], and while several cell lines have been developed from the caudal fin in zebrafish [21,22] and other fish species [23,24,25,26], none have been reported for the blastema yet. In this study, a protocol was established to isolate blastema cells from the zebrafish Danio rerio (Hamilton 1822) and to successfully initiate primary cell cultures. It is expected that the availability of such in vitro cell systems will contribute to a better understanding of epimorphic regeneration by providing a means to investigate mechanisms underlying blastema cell differentiation, while also complementing the work performed in vivo.




2. Results and Discussion


The development of primary cultures of blastema cells (see Figure 1A–C and detailed protocol in the Materials and Methods section) opens the possibility to investigate in vitro the cellular and molecular mechanisms underlying epimorphic regeneration of the caudal fin of fish. Zebrafish cells obtained after enzymatic dissociation of regenerating fin tissues adhered rapidly on the substratum at 28 °C (Figure 1D), proliferated continuously for about 48 h, and could be maintained for 1 or 2 passages. Longer survival times were reported for salamander limb blastema cells (up to 30 days in culture; [27]). The possibility of the zebrafish cells being in a committed stage and less prone to active proliferation after 3 days of culture conditions could explain a shorter survival time, although the lack of specific growth factors are also conceivable. In this regard, culture medium could be supplemented with (1) conditioned medium obtained from zebrafish ES cells, (2) zebrafish embryo extract, (3) fish serum (instead of bovine serum) prepared from farmed fishes, e.g., Atlantic salmon, trout, tilapia, and gilthead seabream [28,29], or (4) growth factors such as Wnt, TGF-β, IGF-1, bFGF, or LIF [30,31,32,33,34]. To extend their lifetime, blastema cells could also be cultured in a collagenous gel [35] or as organotypic slice culture [36]. The use of a feeder layer to grow zebrafish blastema cells could be tested as it was shown to be critical to the growth and maintenance of undifferentiated state of mouse embryonic stem (ES) cells [37].



Approximately 3–3.5 × 104 cells were recovered per blastema with a viability higher than 90%. Blastema cells were routinely cultured in L-15 medium supplemented with 5% FBS after a reduced proliferation rate was observed in cultures supplemented with 10%, 15%, and 20% of serum (Figure 1E), an observation in agreement with the data published by Kumar and Godwin [27] showing the inability of salamander limb blastema cells to survive in culture media containing high levels of bovine serum. Thus, salamander blastema cells were cultured in medium containing <2% of FBS (e.g., in serum-free medium or medium with 0.5–1% serum) to reduce cell death. Whether zebrafish blastema cells can be maintained in medium containing less than 5% of FBS should be further tested. The morphology of zebrafish blastema cells cultured in 5% FBS was polygonal with a prominent nucleus and maintained over time. (Figure S1). Coating the surface of cell culture dishes with extracellular matrix molecules, e.g., fibronectin, laminin, poly-L-lysine, and gelatin, can promote cell attachment, growth, spreading, and differentiation [38]. While fibronectin slightly stimulated the viability of zebrafish blastemal cells, laminin, poly-L-lysine, and gelatin triggered an anti-proliferative effect. It appeared that fin blastema cell attachment or growth was best in the absence of any coating (Figure 1F). No deposition of mineral was observed in blastema cell cultures treated with mineralogenic cocktail (Figure S2), although the absence of ECM mineralization may be related to the short treatment.



Although Tu and Johnson reported that blastema cells do not differentiate into cell lineages that are not already present in the caudal fin tissues [19], new cell types, i.e., spindle-shaped, oligodendritic-like, neuron-like cells, were observed in blastema cell cultures after 3 days in culture (Figure 2A–G). The presence of these new types of cells may depend on culture conditions e.g., the absence of a particular cell substrate or growth factor, the presence of fetal bovine serum, or the temperature and the osmolarity of the culture medium. As for murine embryonic stem (ES) cells that require a feeder layer or leukemia inhibitory factor to maintain an undifferentiated state [34,39], blastema cells may need particular culture conditions to maintain their lineage commitment. In this regard, organotypic slice culture (OSC) of blastema explants may be tried in the future to maintain the original tissue architecture. The treatment of zebrafish blastema cells with all-trans retinoic acid (RA) also triggered the appearance of neuron-like and oligodendritic-like cells (Figure 2H,I), in agreement with a recent study reporting the differentiation of rabbit pinna-derived blastema cells into neuronal cells upon RA treatment [40]. Similar changes in cell phenotype were also found in human, Japanese medaka, and gilthead seabream cells [41,42,43]. Vitamin A (including compounds such as retinol and RA) is a signaling molecule that plays key roles in vertebrate pattern formation both in developing and regenerating tissues and to the differentiation of many types of cells [44,45,46,47,48,49]. The production of endogenous RA from retinol is essential for the regeneration of zebrafish fin [50] and RA signaling is enhanced in the stump mesenchyme within the first few hours after fin amputation [51]. The effect of exogenous administration of RA is however controversial. It has been shown to either impair fin regeneration by blocking blastema formation [44,52,53] or to enhance RA signaling and positively influence fin regeneration [51]. RA is not only a potent and effective inducer of embryonic stem cell differentiation [54] but also of zebrafish blastema cell differentiation (this study).



Differentiation of blastema cells was evaluated days 1 and 5 by immunocytochemistry using lineage specific markers (Figure 3). The number of cells positive for Oc1 (osteoblast marker), Zns5 (scleroblast/osteoblast marker), and Zn12 (a neuronal cell surface marker) markedly increased from day 1 to day 5 (Figure 3A–O). There was also a strong decrease in the number of cells positive for Ssea1 (a marker for undifferentiated cells in rodents). It is worth mentioning that Ssea1 monoclonal antibodies efficiently functioned when used in zebrafish blastema cells, as already seen in zebrafish blastula cells [55] and zebrafish transient embryonic stem cells [56]. The number of cells positive for PHH3 (a marker for proliferation) was also reduced at the same time points (Figure 3P–Y), indicating the potential of blastema cells (at least a large part of the cell population) to differentiate into several cell types, in particular osteoblasts and neurons, and therefore their suitability to study molecular and cellular mechanisms involved in fin regeneration, in particular de novo bone and nerve formation. Our results also demonstrated the suitability of this protocol to develop blastema cell cultures. This protocol has been successfully validated and also applied to develop blastema primary cell cultures from other teleost like gilthead seabream and mosquitofish (data not shown). The advantage of this protocol is that it is simple, rapid, and cost efficient, and can be virtually applied in the development of any fin blastema cell cultures. Our future work will aim to evaluate means to extend the lifetime of blastema cell primary cultures, e.g., the use of a feeder layer or some specialized medium to sustain cell growth, or to transform primary cell cultures into continuous cell lines.




3. Materials and Methods


3.1. Fish Maintenance


Young adult zebrafish (AB line) of about 3–4 months were maintained in 10-L plastic tanks with recirculating fresh water at 28 °C (ZebTEC housing system from Tecniplast, Buguggiate, Italy) and fed twice a day with dry food (Tetramin flake C) and live Artemia nauplii (INVE Aquaculture, Dendermonde, Belgium).




3.2. Primary Blastema Cells Isolation and Culture


The detailed protocol to isolate and obtain primary blastema cells is as follows:



3.2.1. Amputation of the Caudal Fin


Clean the working area with 70% ethanol and autoclave all the dissection instruments.



	
Anesthetize the animals by exposing them to tricaine methanesulfonate (MS-222; 0.01% (w/v) in fish water; Sigma-Aldrich, St. Louis, MO, USA) for 4–6 min. Animals are anesthetized in batches of five fishes.



	
Using blunt-end forceps, transfer anesthetized fish onto an inverted Petri dish (sterile, bacterial) placed on the stage of a stereomicroscope (e.g., MZ6 from Leica Microsystems, Wetzlar, Germany) and carefully deploy and flatten the caudal fin.



	
Using a sterile scalpel (scalpel No. 4 and blade No. 24), amputate the caudal fin in two segments ahead of the cleft (see Figure 1A). Clean cut is achieved by positioning the blade tip on the Petri dish and by sectioning the fin in a single downward movement.



	
Transfer fish with amputated fins back to their aquarium or tank.



	
Repeat Steps 2–4 for the remaining animals.



	
Maintain the animals in normal culture conditions until re-amputation.







3.2.2. Blastema Collection


Clean the working area with 70% ethanol and autoclave all the dissection instruments; coat cell culture dishes with appropriate molecules according to manufacturer’s instructions.



	7.

	
At 36 h post-amputation (hpa), repeat Steps 1 and 2 for all animals.




	8.

	
Using a sterile scalpel, re-amputate the caudal fin one segment ahead of the first amputation plane (see Figure 1B). See Step 3 for making clean cuts.




	9.

	
Using sharpened forceps, collect the fin fragment containing the whole blastema (see Figure 1C) and transfer it into a Petri dish containing 3 mL of Leibovitz’s L-15 culture medium (Invitrogen, Carlsbad, CA, USA) supplemented with 5× antibiotics (100× solution containing 10,000 units of penicillin, and 10,000 µg of streptomycin per mL; Invitrogen) and 1× fungizone (100× solution containing 250 µg of amphotericin B per mL; Invitrogen) and allow it to bath for 15 min to avoid bacterial contamination.




	10.

	
Repeat Steps 8 and 9 for the remaining animals.




	11.

	
Transfer the blastemas into a sterile 1.5-mL microcentrifuge tube containing 1 mL of collagenase solution (0.125% (w/v) in PBS; Invitrogen).




	12.

	
Gently dissociate the blastemas by pipetting up and down (approximately 15 times using a 1000 µL micropipette) and place the tube in a rotary shaker for 10 min at room temperature (approximately 24–25 °C).




	13.

	
Centrifuge the tube for 3 min at 972 × g at 25 °C and gently discard the supernatant.




	14.

	
Add 0.5 mL of trypsin-EDTA solution (0.25% trypsin (Invitrogen) and 1.1 mM EDTA in phosphate-buffered saline (PBS, 1×, sterile); pH 7.4) and gently pipette up and down (using a 1000 µL micropipette) to resuspend the cells and then place the tube in a rotary shaker for 3–5 min at 25 °C.



Almost all the blastemas are dissociated during collagenase and trypsin treatment.




	15.

	
Repeat Step 13 and gently resuspend the cells in 1 mL of L-15 medium.




	16.

	
Repeat Step 13 and gently resuspend the cells in 1 mL of L-15 medium supplemented with 5% fetal bovine serum (FBS; Sigma-Aldrich), 1× antibiotics, and 0.2× fungizone.




	17.

	
Count cells using a Neubauer counting chamber (BLAUBRAND) and seed 1.5 × 103 cells per well in a 96-well dish (Nunc, Roskilde, Denmark) coated with laminin, gelatin, fibronectin, or poly-L-lysine and 1 × 104 cells per well in a 24-well dish (Nunc) for cell culture.




	18.

	
Incubate enzymatically dissociated cell cultures in a 28 °C cell incubator (e.g., Galaxy 170 S from New Brunswick Scientific, Enfield, CT, USA).








3.2.3. Maintenance of Primary Cell Cultures


	19.

	
Observe daily the growth of primary cell cultures under an inverted microscope (e.g., Axiovert 25 from Zeiss, Oberkochen, Germany).




	20.

	
Renew culture medium every 3 days.




	21.

	
At confluence, cells are detached/dissociated with trypsin-EDTA and then split 1:2.









3.3. ECM Coating of Tissue Culture Dishes


Stock solution of poly-L-lysine at 0.1 mg/mL was prepared using sterile water. Then, 100–200 µL of this solution was aseptically added in a well of 24-well plate, rocked gently for 5 min to ensure a homogenous coating of the well. The solution was removed and wells were rinsed thoroughly with sterile water and allowed to dry for 2 h in the biological safety cabinet. The same procedure was followed for laminin (0.1 mg/mL) and gelatin (1 mg/mL) coated plates although incubation was carried out at 37 °C and washes done with PBS. For fibronectin (0.05 mg/mL), plates were air dried for 1 h at 25 °C, then excess of fibronectin was removed and the culture dish rinsed with PBS.




3.4. Cell Viability


Viability of blastema cells was subsequently determined in media supplemented with different FBS concentrations and in dishes coated with different extracellular matrix (ECM) molecules i.e., fibronectin, laminin, poly-L-lysine, and gelatin (all from Sigma-Aldrich) using XTT Cell Proliferation kit (AppliChem, A8088) according to manufacturer’s instructions. Briefly, the cells were seeded at 1.5 × 103 cells/well in 96-well plates. At appropriate times, cells were incubated for 3 h with 50 µL of reagent mixture in 100 µL medium then cell viability was determined from absorbance at 490 nm.




3.5. Extracellular Matrix Mineralization and Acridine Orange Staining


Blastema cells were seeded at 1.0 × 105 cells/well in six-well plates. ECM mineralization was induced by supplementing the culture medium with a mineralogenic cocktail composed of 10 mM β-glycerophosphate, 4 mM calcium chloride, and 50 µg/mL of L-ascorbic acid. After 3 and 5 days of treatment, ECM mineralization was assessed through alizarin red S staining (AR-S, 40 mM at pH 4.2; Sigma-Aldrich) and nucleic acids were revealed through acridine orange staining (100 µg/mL in PBS). Stained cells were visualized under an inverted fluorescence light microscope.




3.6. Cell Differentiation


Blastema cells were seeded at 1.5 × 103 cells/well in 96-well plates. After 24 h, medium was renewed and supplemented with 0.5 µM all-trans retinoic acid (RA; Sigma-Aldrich, R2625) or with 0.1% dimethyl sulfoxide (DMSO; Sigma-Aldrich, D2650), the vehicle control. Morphological changes in cells were examined daily under an inverted microscope equipped with phase contrast.




3.7. Immunofluorescence Staining


For immunophenotyping, blastema cells grown on 12-mm glass coverslips (VWR, West Chester, PA, USA) for 1 day, and 5 days after seeding were briefly fixed for 10 min with 100% ice-cold methanol (Merck, Darmstadt, Germany), washed with PBS, permeabilized with 0.1% Triton X-100 (Sigma-Aldrich) for 5 min, and blocked in PBS containing 1% bovine serum albumin (BSA; VWR). Purified mouse monoclonal antibodies against Zns5 (ZIRC, 090511), Ssea1, and Zn-12 (Developmental Studies Hybridoma Bank, MC-480 and zn-12), and purified rabbit polyclonal antibodies against Oc1 [57] and PHH3 (Cell Signaling Technology, 9701), were diluted 1:200 in PBS with 1% BSA and directly added to the fixed cells at 25 °C for 2 h. Cells were washed with 1:10 dilution of blocking buffer in PBS then incubated with secondary antibodies Alexa Fluor 594 (goat anti-mouse IgG A-11005; Invitrogen) or Alexa Fluor 488 (goat anti-rabbit IgG A-11008; Invitrogen) diluted 1:1000 in the same solution as the primary antibody for 45 min at room temperature in the dark. Cells were washed thrice with PBS and then incubated with DAPI (Merck) for 5 min. The cells were again washed several times with PBS and mounted in microscope slides (VWR) using Mowiol (Sigma-Aldrich), then observed using an Axioimager Z2 fluorescence microscope equipped with an Axiocam camera (Zeiss).





4. Conclusions


In this article we described the protocol for the successful culture of blastema cells collected from regenerating caudal fin of zebrafish. Cultured blastema cells spontaneously differentiated into different cell types, in particular those related to bone formation. The availability of such in vitro cell system represents a promising tool for investigating mechanisms of blastema cell differentiation during fin regeneration.
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Figure 1. Schematic diagram for caudal fin amputation, blastema collection, and blastema cell culture. (A) Amputation of the caudal fin; (B,C) re-amputation procedures towards blastema collection. Dotted lines indicate amputation and re-amputation planes. Blastema is indicated in red; (D) phase-contrast micrographs of zebrafish blastema cell cultures at 72 h post-seeding; (E) viability of blastema cells cultured in medium supplemented with different concentrations of FBS; (F) viability of blastema cells cultured on surfaces coated with different molecules. In (E,F), cell viability was measured 72 h post-seeding and asterisks indicate values significantly different through one-way ANOVA followed by Tukey’s (E) or Dunnett’s (F) multiple comparison test (*** p < 0.001, ** p < 0.01, and * p < 0.05; n = 6). FN, fibronectin; LAM, laminin; PLL, poly-L-lysine; GEL, gelatin. Scale bar in (D) is 100 µm. 
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Figure 2. Spontaneous differentiation of zebrafish blastema cells after 5 days in culture. (A) Homogenous progenitor blastema cells showing polygonal cells with prominent nuclei and sparse cytoplasm. (B–G) Differentiated cells exhibiting a spindle-like (B), an oligodendritic-like (C), and a neuron-like (D–G) phenotype. Black and white arrowheads show progenitor blastema cells and differentiated cells, respectively. (H,I) Phase-contrast micrographs of zebrafish blastema cells exposed to 0.5 µm all-trans retinoic acid at day 7. Neuron-like (black arrowheads) and oligodendritic-like (white arrowheads) cells at 7 days of treatment. Scale bar is 50 µm in (A–G) and (I), and 100 µm in (H). 
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Figure 3. Differentiation of zebrafish blastema cells confirmed by immunofluorescence labeling at day 5 (except for Ssea1 at day 1). Zebrafish blastema cells immunolabeled with the osteoblast marker Osteocalcin 1/Oc1 (A–D), the scleroblast marker Zns5 (F–I), the neuronal cell surface marker Zn12 (K–N; inserts illustrate a neuron-like cell), the stage-specific embryonic antigen Ssea1 (P–S), and the proliferation marker PHH3 (U–X). For each marker, picture sequence is as follows: DAPI labeling, ALEXA Fluor 594 labeling, differential interference contrast (DIC) image and merge image; percentages of cells positive for each marker at days 1 and 5 of cell culture were determined from manual counting and are presented as mean ± standard deviation calculated from three different coverslips (E,J,O,T,Y). Negative control (Z–CC). ND, not detected. Scale bar is 10 µm. 
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