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Abstract

:

Simple Summary


This research describes a successful protocol for establishing viable cell lines from one of the amphibian species that are severely threatened with extinction. For the study, fresh or cryopreserved tissue samples were used, and various parameters affecting the optimal growth conditions were tested, such as use of different media, impact of media change and the influence of contamination. We concluded that: (i) Using fresh tissue was more successful in terms of establishing cell lines; (ii) No differences were found between the media used for fresh tissue, while one medium had a positive effect on growth when using cryopreserved tissue; (iii) Contamination caused the tissue cultured to be destroyed; and (iv) Real-time cell analysis visualized a significant impact on cell growth pattern when media change was combined with PBS washing. This research demonstrated the potential of and the challenges to establishing amphibian cell lines, which provide an opportunity for implementing modern reproductive technologies as a future part of conservation strategies for endangered and threatened amphibian species.




Abstract


This study describes a successful protocol for establishing cell lines from the threatened Triturus cristatus in terms of collection, preparing, establishing, cryopreserving, thawing and quality checking. Different parameters such as media, media change, fresh vs. cryopreserved tissue and seeding density were tested to optimize culture conditions for this species. With fresh tissue, no considerable differences in the use of two different media were found, but with cryopreserved tissue, a combination of ITS (insulin/transferrin/selenite) and 2-mercaptoethanol had a positive effect on growth. Real-time measurements on the cell lines were used, for the first time in amphibian cells, to investigate the effect of different treatments such as media change with or without washing. Media change had a positive impact on the cells, whereas the effect was negative when combined with washing. It is concluded that establishment of cell lines is possible from the great crested newt, especially when using fresh tissue, but much more challenging if the tissue has been cryopreserved. Real-time measurement during cell culture is a useful tool to visualize the sensitivity of amphibian cells during different culture treatments.
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1. Introduction


The great crested newt (Triturus cristatus) has suffered severe declines mainly due to habitat destruction, habitat degradation, pollution, fragmentation, introduction of fish and lack of pond management [1]. These changes are observed globally among many amphibian species, and the number of species at risk of extinction continues to grow [2,3]. Therefore, various conservation strategies and efforts have been taken in situ, but due to consistent anthropogenic pressures, ex situ strategies such as biobanking are becoming essential for future species conservation [3].



Biobanking combined with cryopreservation and modern reproductive technologies are becoming a vital addition to conservation strategies of amphibians and other animal groups. Cryopreservation provides an optimal technique for long-term storage of genetic materials as the biological, chemical and physical processes are suspended due to the low temperatures [4]. Cell lines grown from tissue samples taken postmortem or via non-lethal techniques are a supplement to biobanking, which has already proven useful in relation to conservation in other vertebrate species such as the African elephant (Loxodonta Africana), the clouded leopard (Neofelis nebulosi) and the western lowland gorilla (Gorilla gorilla gorilla) [3,5,6]. Stored biological material provides opportunities for species-specific stem cell technologies (induced pluripotent stem cells), collection of gametes, production of artificial gametes, in vitro embryo production and embryo transfer [3,7], but use of amphibian cell lines in conservation strategies is still very limited due to lack of basic knowledge [2]. Cryopreserved genetic material and especially cell lines provide several opportunities, and therefore it is important to ensure the safeguarding of these valuable resources as long-term storage makes it possible to utilize the samples for techniques that have not yet been invented.



A considerable number of studies have been reported on cultivation of amphibian cells from various species of embryos, tadpoles and adults. However, research on amphibian cell lines is limited to very few families and species, and most of these studies are more than 20 years old [8,9,10,11,12].



No biobanked cell lines have been reported from the great crested newt (Triturus cristatus), and the aim of this study was therefore to develop and validate a protocol for establishing cell lines within this species. We succeeded in establishing cell lines from two out of four animals and therefore report our preliminary protocol to collect, prepare, establish, cryopreserve, thaw and quality check cell lines. Various parameters were evaluated for their effect on growth conditions, such as cryopreserved versus fresh tissue samples, different treatment media and impact of media change. Likewise, we demonstrated the first reported use of real-time cell analysis on amphibian cell lines and discuss the potential value of this analysis in future work.




2. Methods


2.1. Biopsy and Culture Media


Biopsy medium was prepared according to [13]: completed Alpha MEM media supplemented with 1% antibiotic-antimycotic 100X (P/S/F) (10,000 units/mL of penicillin 10,000 µg/mL of streptomycin and 25 µg/mL of Fungizone (Amphotericin B)) (Gibco®, Life Technologies, Rockville, MD, USA).



Culture media (see Table 1 for details): one medium was tested with three different supplements. The original study design only included media A and B, but due to parallel running studies with cryopreserved tissue explants, we added media C and D to test the effect of the reducing agent 2-mercaptoethanol on tissue Life Technologies, Rockville, MD, USA cultures of cryopreserved explants.




2.2. Pre-Treatment and Primary Cell Culture


Tissue from hind legs was used for this experiment, as this is one of the recommended tissue types for establishing amphibian cell lines [4,13]. Immediately after euthanasia the experimental tissues were obtained from the hind legs after wiping with 70% v/v ethanol and washing in Dulbecco’s phosphate-buffered saline (+ 1000 mg/L CaCl2 and 1000 mg/L MgCl2) (PBS) (Gibco® Life Technologies, Rockville, MD, USA) (this PBS was used throughout the study). Tissues were stored in biopsy media at 4 °C before further processing. Half of the tissues were cryopreserved with 10% DMSO as cryoprotectant, and cryovials (Nunc®, Thermo Scientific, Roskilde, Denmark) were placed in a CoolCell® (Sigma) and stored at −80 °C for 24 h before being transferred to liquid nitrogen (LN2) [13]. Fresh tissues (approximately 0.5 mm3 in size) were minced with scalpel and forceps [13]. The tissue was hereafter immersed in 70% v/v ethanol for 30 s, washed three times with PBS, immersed in antibiotic–antimycotic for 20 s, washed once in PBS, immersed in gentamicin (Sigma-Aldrich, Inc, St.Louis, MO, USA) for 20 s and then washed in PBS. The minced tissues were placed on the backside of a 12.5 cm2 cell culture flask and left until they were attached (3–6 min) before adding 2 mL of one of media A–D. All individuals were set up with 3 replicates by the tissue explant method [13]. After 16 weeks the cryopreserved tissue was thawed in a 30 °C water bath for 1–2 min and processed as described above. The cell cultures were maintained at 28 °C with 5% CO2 with the medium being changed every three to four days. Primary cells appeared on average on days 22 and 39 from fresh and cryopreserved tissue, respectively. At 80% confluency, cells were passaged, i.e., harvested by adding 0.5 mL of TrypLE (Gibco® Life Technologies, Rockville, MD, USA) and thereafter split into new cell culture flasks at a ratio of 1:2–1:3 to be incubated under the same conditions as above.




2.3. Cryopreservation and Recovery


After six passages the cells were harvested by adding 1.5 mL TrypLE (Gibco® Life Technologies, Rockville, MD, USA). After all cells were detached, 8 mL Hanks Balanced Salt Solution (1X) (HBSS) (Gibco® Life Technologies, Rockville, MD, USA) was used to rinse all cells before transfer to a 15 mL centrifuge tube. Cells were centrifuged for 10 min at 300 × G, the supernatant was removed, and the cell pellet resuspended in freezing medium (Alpha MEM media supplemented with 10% DMSO). Cell suspensions were kept in cryovials (Nunc®) and placed in a CoolCell® (Sigma-Aldrich, Inc., St. Louis, MO, USA) at −80 °C for 24 h before transfer to LN2. For recovery of cell suspensions, frozen vials were thawed in a 30 °C water bath for 1–2 min, and then transferred into 25 cm2 cell culture flasks containing 4 mL of completed media and cultured at 28 °C. See Table 1 for specific media descriptions.




2.4. Evaluation of Proliferation and Growth Conditions


Real-time measurements of cell proliferation and adhesion were performed on thawed cell lines using xCELLigence® real-time cell analysis (RTCA SP Bundle, ACEA Biosciences), according to the instruction manual. This system consists of an electronic sensor analyzer with gold electrodes on the bottom of the wells collecting impedance readings that are converted into a cell index (CI). Different cell types reveal different CI, which provide an indication of adhesion and proliferation rates. Non-adherent cells will not affect the CI values. The CI is a relative and dimensionless value that represents the change in impedance divided by the background value [14,15]. Throughout the text, CI will be described as CI/h to identify CI at a specific time. In brief, thawed cell lines were seeded in 25 cm2 cell culture flasks (Nunc® Easy flask, Roskilde, Denmark) containing 4 mL of completed media and incubated at 28 ℃. To prepare cells for seeding, they were detached after passage 3 using 1.5 mL TrypLE (Gibco® Life Technologies, Rockville, MD, USA) for 1 min. at 28 °C. To block the enzyme activity, media A–D was used and hereafter cell suspensions were counted with the CountessTM II FL (Applied Biosystems). Two different cell lines from two different individuals were seeded in four replicates with the following seeding densities; 5000 cells/well, 7500 cells/well and 10,000 cells/well. Three different medium treatments were tested: no media change (NoMC), media change (MC) and media change including 10 s washing with PBS (MCPBS). After seeding, the plate was incubated at 28 °C with 5% CO2. The medium was changed every 72 h. The impedance readings were continually measured every 30 min and displayed as the CI. Control wells were included and contained only DMEM culture medium and no cells, and they all displayed zero CI values. Data acquisition and analysis were performed with the RTCA software (Agilent, Santa Clara, CA, USA).




2.5. Animals


Four wild caught individuals of Triturus cristatus were used for the experiment. To collect this material, a dispensation from Act nr. 1466 (Protection of Species) was given by the Danish Ministry of Environment and Food of Denmark (J.nr. MST-850-00110). All experiments complied with the EU Directive 2010/63/EU for Animal Experiments.




2.6. Statistical Analysis


Differences in mean cell index values among cell number and treatments were assessed with one-way ANOVAs whereafter Tukey’s test was used to test the difference within treatments. T-tests were used to detect significant differences between means when using either fresh or cryopreserved tissue. The software program PAST was used for all statistical analysis: https://folk.uio.no/ohammer/past/.





3. Results


Development of Cell Lines


Cell lines were established from two and one of the four individuals from either fresh or cryopreserved tissue, respectively.



Cell appearance (Figure 1).



Cells were categorized based on morphological characteristics and are named as such throughout this study. Post-thaw viability was observed in all cell lines by daily observations of cell proliferation and adhesion. Figure 1 displays and describes cells from both fresh tissue as well as cryopreserved tissue pre-cryopreservation and post-thawing. Cryopreservation had no impact on proliferation patterns of any of the cell lines.



Fresh tissue: Primary cultures displayed a mix of epithelial star-like cells and spindle-shaped fibroblast-like cells, where fibroblast-like cells generally dominated the cultures (A–B). After two passages, most cells were gradually replaced by spindle-shaped fibroblast-like cells (C). After cryopreservation of the cell line, cells displayed similar spindle-shaped fibroblast-like cells as pre-cryopreservation (D).



Cryopreserved tissue: Primary cultures also showed a mix of epithelial- and fibroblast-like cells (E–F), but these cells displayed extensive dendritic activity forming a web-like constitution of cells. After passage 2, cultures were dominated by elongated web-like fibroblast cells with few star-like epithelial cells mixed in between (G). Elongated spindle-shaped fibroblast-like protruding dendritic processes were also found throughout passages. After cryopreservation of the cell line, similar elongated web-like fibroblasts were observed (H).



Growth of cells in different culture media is described in (Table 2).



Growth patterns were grouped as follows: (1) no cell growth within 14 weeks; (2) fungus was detected and treated but samples were not salvageable; (3) bacteria were detected and treated but samples were not salvageable; (4) cell growth appeared ranging from few to 50–100 cells, but growth then stopped; (5) cell lines were passaged at least six times before they were cryopreserved.



Fresh tissue: Cell growth was observed in 18 of 24 replicates. Among the 24 replicates, 12 were lost due to fungus and two due to bacteria. Three replicates from two different individuals reached the cell line stage (passaged at least six times) and were cryopreserved.



Cryopreserved tissue: Cell growth was observed in 13 of 48 replicates. Among the 48 replicates, 22 were lost due to fungus and four due to bacteria. One replicate reached the cell line stage and was cryopreserved.



Table S1 in Supplementary material displays parameters on the initial growth patterns observed in fresh and cryopreserved tissue, including replicates among the four different media. From fresh tissue, emerging cells were observed between days 3 and 67 and 3 and 78 (medium A and B, respectively), depending on the individual animal; however, in many replicates, cells never proliferated sufficiently to reach 80% confluency and thus passage 1. The average times from cell culture initiation to passage 1 and cryopreservation of cell lines were 56 and 119 days, respectively. From cryopreserved tissue, emerging cells were observed between days 28 and 36 (media A), day 72 (media B), days 35 and 40 (media C) and days 24 and 37 (media D). However, only one replicate reached the stage of passage 1 on day 58, and this cell line was cryopreserved on day 98.



Growth patterns during culturing.



The growth pattern observed throughout the 130 h of culture was divided into four different periods: (i) establishment, from 0–20 h; (ii) first growth period, from 20–70 h; (iii) media change at 72 h; (iv) second growth period, from 75–130 h. The general growth pattern observed in this study is displayed in Figure 2. To characterize each period, three time points were selected: (20 h (i), 70 h (ii) and 130 h (iii)). Furthermore, the change observed at media change was calculated as a percentage displaying a positive or negative impact.



Table 3 displays CI values of the three selected time points for individual 2. The growth patterns when using 10,000 cells reached a higher CI-level compared to both 7500 and 5000 cells at time point (i) (Supplementary material Figure S1). All treatments with 10,000 cells remained at this level until time point (ii), whereas growth patterns for both 7500 and 5000 cells decreased between the first two time points. The reaction to media change was seen as a drastic decrease in most treatments, but especially within treatment (C), where the decrease ranged between 44% and 87%. After the media change, all treatments reestablished their growth patterns until the last time point (iii), where most curves returned to the same CI level as before, except treatment (C), which displayed a noticeable lower CI level.



For individual 3, a similar growth pattern was observed throughout the treatments (Table 4). However, a difference in CI levels at time point (i) was observed as well as variations in CI level towards time point (ii) (Supplementary Material Figure S2). A similar drop in CI at media change was observed for most treatments, especially for treatment (C), where the drop ranged between 29% and 52%. After media change all treatments reestablished their growth patterns until the last time point (iii), when most curves displayed the same CI level as before media change, except for treatment (C), which displayed a noticeably lower CI level.



Differences among growth patterns were also tested for cells established by either fresh or cryopreserved tissue (Supplementary material Figure S3). As displayed in Table 5, a slower growth was seen at time point (i) when using fresh tissue, however a similar CI level was reached for cells from both tissue types at time point (ii). As seen previously, a drop in CI level was observed among cells from both tissue types after media change, especially for treatment (C), where a drastic drop was observed. Cells from fresh tissue displayed a drop ranging from 38% to 53% at first and second media change, respectively, whereas cells from cryopreserved tissue ranged from 47% to 48%, respectively. After media change all treatments reestablished their growth patterns until the last time point (iii), when most curves displayed the same CI level as before media change, except for treatment (C), which displayed a visibly lower CI level.





4. Discussion and Conclusion


4.1. Parameters Affecting the Success Rate of Amphibian Cell Lines


The tissue explant method was used for both fresh and cryopreserved tissue material, as described and recommended by Houck et al. [13]. This is the preferred method for establishing long-term cell cultures [16,17,18], whereas studies focusing on short-term primary cultures have used various enzyme digestions [8,19,20,21]. A distinctive difference between use of fresh and cryopreserved tissue was the high number of cryopreserved tissue explants where outgrowth from the explant was never observed. This could call for testing of other methods such as partial enzymatic digestion [22]. Contamination and lack of growth were the dominating factors affecting the success rate of the cell lines (Table 2), both fresh (14 out of 24 lost) and cryopreserved tissue cultures (26 out of 48 lost). When bacteria or fungus were detected, the manual cleansing technique applied could not salvage any of the samples. Previous studies have reported various attempts, with varying success rates, to reduce the amount of contamination including different antibiotics such as a combination of penicillin and streptomycin [17,23,24,25] or gentamicin solely [16] or in combination with other antibiotics [21,26]. We tried an additional washing step with 1% (v/v) Normocin for 20 s, as positive results were seen in parallel studies on other species in our lab [27]; however, the samples were still not salvageable. Future studies could determine the specific type of fungus and bacteria to find a more targeted treatment to avoid contamination. In addition, it has been recommended to keep wild-caught animals in captivity for several weeks to further reduce contamination [4].




4.2. Testing Optimal Growth Conditions


We tested medium with/without ITS on the fresh tissue explants, but due to parallel running studies in our lab with cryopreserved tissue explants in species of Bufo bufo and Rana arvalis [27], we also tested 2-mercaptoethanol even though similar experiments on fresh tissue would lack a control group.



In fresh tissue explant cultures from all four individuals, growth patterns did not show any considerable changes in terms of growth initiation using media A or B. However, the combination of ITS and 2-mecaptoethanol in media D indicated a positive effect on growth initiation of cryopreserved tissue explants. On average, growth initiated at days 22 and 39 for fresh and cryopreserved tissue, respectively. Other studies working with fresh tissue explant cultures of the white-lipped tree frog (Litoria infrafrenata) and the Chinese giant salamander (Andrias davidianus) reported initiated growth after 11 and 30 days, respectively [16,17]. Due to the slow growth rate of amphibian cells, 150 days was found to be the average culture time before having a sufficient number of cells to cryopreserve [4]; this corresponds with the average of 119 days in our study. No reports studying growth conditions of cryopreserved tissue explants from amphibians have been found, therefore no comparisons to our data have been possible. Overall, however, our results illustrate the importance of setting up cell cultures from fresh tissue if possible, as the success rate is significantly higher than when using cryopreserved material.



Real-time measurements of cell growth on amphibian cell lines are shown here for the first time, even though this technique is widely used; e.g., in humans, mice and rats [15,28,29,30,31,32]. It was therefore necessary to define the ideal seeding density for our species before conducting further experiments. Previous studies on vertebrate cells found 10,000 cells/well to be the optimum concentration for a dynamic monitoring of cell growth [28,29], so we chose seeding densities of 5000, 7500 and 10,000 cells/well. Based on our experiments we recommend working with amphibian cells at a density of 10,000 cells/well, as both individuals displayed better growth conditions and a moderate to strong CI when seeded with this density, compared to 5000 and 7500 cells/well [15]. However, more individuals need to be tested to determine variations between individuals from the same species. Moreover, variation is also expected between species, as methods and conditions successful for some amphibian species can fail to work on another species, even within the same genus [4].



Many cell culture protocols include a washing step with PBS or another physiological buffer (e.g., HBSS) during media change before cell dissociation or transporting of cells, so we tested if PBS had an effect on amphibian cells [32,33]. At media change, we observed a drop ranging from 44%–87% and 29%–52% in individuals 2 and 3, respectively. A simple media change (MC) did in general have a positive effect on growth patterns, indicating that the cells needed this change to get new supplies of nutrients, and the cells were not affected as profoundly as when adding a washing step with PBS. Media change with PBS washing had a significant and negative impact on all three seeding densities (Supplementary Figure S1 and S2), but at 130 h also resulted in a significantly lower CI level compared to those of cells with no media change and in most cases also media change (Table 3 and Table 4). Even though PBS is listed as a physiological buffer for cell dissociation, it has a significant impact on amphibian cells [33,34], so further studies are needed to evaluate another physiological buffer for washing, or to use, e.g., HBSS. Finally, when working with either fresh or cryopreserved tissue a significant difference was found after adhesion (20 h) and at the end of each treatment (130 h) (Table 5), indicating differences in growth patterns between the two tissues.



Taken together, the results demonstrate the usefulness of real-time cell measurements as a plausible addition for optimizing the limited knowledge on cell culture conditions for amphibians. However, the xCELLigence® system is a very sensitive system, especially during media change, when treatments even without media change also displayed a drop in CI due to the associated temperature changes. However, our experiments have provided a real-time timeline of the adhesion and proliferation after different treatments of amphibian cell lines, which can be used to optimize the conditions for culture of other amphibian cell lines. Further research including various amphibian species and more individuals are, however, needed for comparisons in terms of testing and qualifying amphibian cell lines.





5. Conclusions


In the present study we report a preliminary biobanking protocol to collect, prepare, establish, cryopreserve, thaw and quality check cell lines from the great crested newt. We showed a higher success rate when using fresh compared with cryopreserved tissue. However, cryopreserved tissue can be used, but at a very low success rate. Contamination with either bacteria or fungus is a serious problem, as samples could not be salvaged after contamination had appeared. Further research is needed to reduce or even eliminate the degree of contamination and thereby the number of samples lost. We found no considerable differences when using media A and B on fresh tissue, but a positive effect was seen with cryopreserved tissue in media D. In future studies it would be interesting to see if the same positive effect will be found when working with fresh tissue. We demonstrated the first use of real-time cell measurements on amphibian cell lines, making it possible to examine adhesion and proliferation stages as well as the impact of different media treatments directly on the cells. Our general conclusions from using xCELLigence® were: (i) A higher number of cells provided better establishment of the culture and gave a better indication of the growth pattern. (ii) Media change with PBS washing had a significant impact on the cell index at all seeding densities used. However, most cultures with a higher seeding density were able to reestablish, whereas growth of cultures with low seeding densities slowly decreased. (iii) Cells from cryopreserved tissue displayed a slower growth in the beginning as well as a reaction on media change, however afterwards they were thriving. (iv) Individual differences were seen among the cell lines.



Due to the current risk of extinction of amphibian species, action is needed. The use of cryopreserved cell lines in conservation provides opportunities for implementing modern reproductive technologies as a future part of conservation strategies for endangered and threatened amphibian species. However, to reach this point much more work is needed on establishing and culturing of amphibian cell lines.








Supplementary Materials


The following are available online at https://www.mdpi.com/2076-2615/11/2/367/s1, Table S1: Parameters displaying initial growth patterns; Figure S1: Direct comparison of ideal culture conditions and seeding densities for individual 2; Figure S2: Direct comparison of ideal culture conditions and seeding densities for individual 3.; Figure S3: Direct comparison of growth conditions from a cell line setup from either a fresh (A) or cryopreserved (B) tissue sample from the same individual.





Author Contributions


Conceptualization: J.S. and S.P.; methodology, J.S. and S.P.; software, J.S., S.P. and C.P.; validation, J.S., S.P., H.C. and C.P.; investigation, J.S.; data curation, J.S., S.P., H.C. and C.P.; writing–original draft preparation, J.S. and S.P.; writing–review & editing, J.S., S.P., H.C. and C.P.; supervision, S.P., H.C. and C.P. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki, a dispensation from Act nr. 1466 (Protection of Species) was given by the Danish Ministry of Environment and Food of Denmark (J.nr. MST-850-00110, 03.05.2019). All experiments complied with the EU Directive 2010/63/EU for Animal Experiments.




Acknowledgments


The authors wish to thank Janne F. Adamsen for excellent technical assistance and Ole Sommer Bach for constructive feedback on the manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Rannap, V.; Rannap, R.; Vuorio, V. Protection of the Great Crested Newt—Best Practice Guidelines—The Experiences of LIFE-Nature Project “Protection of Triturus cristatus in the Eastern Baltic Region”; Life Nature Project: Tallinn, Estonia, 2009. [Google Scholar]

	



Clulow j Upton, R.; Trudeau, V.L.; Clulow, S. Amphibian assisted reproductive technologies: Moving from technology to application. In Reproductive Sciences in Animal Conservation. Advances in Experimental Medicine and Biology, Switzerland; Comizzoli, P., Brown, J., Holt, W., Eds.; Springer: Berlin, Germany, 2019; pp. 413–463. [Google Scholar]

	



Strand, J.; Thomsen, H.; Jensen, J.B.; Marcussen, C.; Nicolajsen, T.B.; Skriver, M.B.; Søgaard, I.M.; Ezaz, T.; Purup, S.; Callesen, H.; et al. Biobanking in amphibian and reptilian conservation and management: Opportunities and challenges. Conserv. Genet. Resour. 2020, 143, 44–58. [Google Scholar] [CrossRef]

	



Zimkus, B.M.; Hassapakis, C.L.; Houck, M.L. Integrating current methods for the preservation of amphibian genetic resources and viable tissues to achieve best practices for species conservation. Amphib. Reptile Conserv. 2018, 12, e165. [Google Scholar]

	



Chemnick, L.G.; Houck, M.L.; Ryder, O.A. Banking of genetic resources: The Frozen Zoo® at the San Diego Zoo. In Conservation Genetics in the Age of Genomics; Amato, G., Desalle, R., Rosenblum, H.C., Ryder, O.A., Eds.; Columbio University Press: New York, NY, USA, 2009; pp. 124–130. [Google Scholar]

	



San Diego Zoo Institute for Conservation Research; Frozen Zoo®: San Diego, CA, USA, 2018; Available online: https://institute.sandiegozoo.org/resources/frozen-zoo (accessed on 5 June 2020).

	



Saragusty, J.; Diecke, S.; Drukker, M.; Durrant, B.; Friedrich Ben-Nun, I.; Galli, C.; Göritz, F.; Hayashi, K.; Hermes, R.; Holtze, S.; et al. Rewinding the process of mammalian extinction. Zoo Biol. 2016, 35, 280–292. [Google Scholar] [CrossRef] [PubMed]

	



Clothier, R.H.; Balls, M.; Hostry, G.S.; Robertson, N.J.; Horner, S.A. Amphibian organ culture in experimental toxicology: The effects of paracetamol and phenacetin on cultured tissues from urodele and anuran amphibians. Toxicology 1982, 25, 31–40. [Google Scholar] [CrossRef]

	



Slack, J.M.W.; Darlington, B.G.; Gillespie, L.L.; Godsave, S.F.; Isaacs, H.V.; Paterno, G.D. Mesoderm induction by fibroblast growth factor in early Xenopus development. Philos. Trans. Royal Soc. Lond. 1990, 327, 75–84. [Google Scholar]

	



Tata, J.R.; Kawahara, A.; Baker, B.S. Prolactin inhibits both thyroid hormone-induced morphogenesis and cell death in cultured amphibian larval tissues. Dev. Biol. 1991, 146, 72–80. [Google Scholar] [CrossRef]

	



Okumoto, H. Establishment of three cell lines derived from frog melanophores establishment of three cell lines derived from frog melanophores. Zool. Sci. 2001, 18, 483–496. [Google Scholar] [CrossRef]

	



Groot, H.; Munuz-Carmargo, C.; Moscoso, J.; Riveros, G.; Salazar, V.; Florez, F.K.; Mitrani, E. Skin micro-organs from several frog species secrete a repertoire of powerful antimicrobials in culture. J. Antibiot. 2012, 65, 461–467. [Google Scholar] [CrossRef]

	



Houck, M.L.; Lear, T.L.; Charter, S.J. Animal cytogenetics. In The AGT Cytogenetics Laboratory Manual, 4th; Arsham, M., Barch, M., Lawce, H., Eds.; John Wiley & Sons, Inc.: Hoboken, NY, USA, 2017; pp. 1055–1102. [Google Scholar]

	



Raker, S.; Klinger, M.; Kruse, C.; Gebert, M. Pros and cons of fish skin cells in culture: Long-term full skin and short-term scale cell culture from rainbow trout, Oncorhynchus mykiss. Eur. J. Cell Biol. 2011, 90, 1041–105115. [Google Scholar] [CrossRef]

	



Kho, D.; MacDonald, C.; Johnson, R.; Unsworth, C.P.; O’Carroll, S.J.; du Mez, E.; Angel, C.E.; Graham, E.S. Application of xCELLigence RTCA biosensor technology for revealing the profile and window of drug responsiveness in real time. Biosensors 2015, 5, 199–222. [Google Scholar] [CrossRef]

	



Mollard, R. Culture, cryobanking and passaging of karyotypically validated native australian amphibian cells. Cryobiology 2018, 81, 201–205. [Google Scholar] [CrossRef] [PubMed]

	



Yuan, J.; Chen, Z.; Huang, X.; Gao, X.; Zhang, Q. Establishment of three cell lines from chinese giant salamander and their sensitivities to the wild-type and recombinant ranavirus. Vet. Res. 2015, 46, 58. [Google Scholar] [CrossRef] [PubMed]

	



Sinzinelle, L.; Thuret, R.; Hwang, H.; Herszberg, B.; Paillard, E.; Bronchain, O.J.; Stemple, D.L.; Dhorne-Pollet, S.; Pollet, N. Characterization of a novel xenopus tropicalis cell line as a model for in vitro studies. Genesis 2012, 50, 316–324. [Google Scholar] [CrossRef] [PubMed]

	



Stanchfield, J.E.; Yager, J.D. An estrogen responsive primary amphibian liver cell culture system. Exp. Cell Res. 1978, 116, 239–252. [Google Scholar] [CrossRef]

	



Nishikawa, A.; Yoshizato, K. Hormonal regulation of growth and life span of bullfrog tadpole tail epidermal cells cultured in vitro. J. Exp. Zool. 1986, 230, 221–230. [Google Scholar] [CrossRef] [PubMed]

	



Garcia-Diaz, F. Whole-cell and single channel K + and C1- currents in epithelial cells of frog skin. J. Gen. Physiol. 1991, 98, 131–161. [Google Scholar] [CrossRef] [PubMed]

	



Xiang, Y.; Gao, Q.; Su, W.; Zeng, L.; Wang, J.; Hu, Y.; Nie, W.; Ma, X.; Zhang, Y.; Lee, W.; et al. Establishment, characterization and immortalization of a fibroblast cell line from the chinese red belly toad Bombina maxima skin. Cytotechnology 2012, 64, 95–105. [Google Scholar] [CrossRef]

	



Bianchi, N.O.; Molina, J.O. DNA replication patterns in somatic chromosomes of Leptodactylus ocellatus (Amphibia, anura). Chromosoma 1967, 22, 391–400. [Google Scholar] [CrossRef]

	



Handler, J.S.; Steele, B.; Sahib, M.K.; Wade, J.B.; Preston, A.S.; Lawson, N.L.; Johnson, J.P. Toad urinary bladder epithelial cells in culture: Maintenance of epithelial structure, sodium transport, and response to hormones. Proc. Natl. Acad. Sci. USA 1979, 76, 4151–4155. [Google Scholar] [CrossRef]

	



Koniski, A.D.; Cohen, N. Reproducible proliferative responses of salamander (ambystoma mexicanum) lymphocytes cultured with mitogens in serum-free medium. Dev. Comp. Immunol. 1992, 16, 441–451. [Google Scholar] [CrossRef]

	



Ketola-Pirie, C.; Atkinson, B.G. Cold- and heat-shock induction of new gene expression in cultured amphibian cells. J. Biochem. Cell Biol. 1983, 61, 462–471. [Google Scholar] [CrossRef] [PubMed]

	



Strand, J.; Callesen, H.; Pertoldi, C.; Purup, S. Amphibian cell lines—testing different media compositions. Unpublished material (Unpublished; manuscript in preparation).

	



Rakers, S.; Umse, F.; Gebert, M. Real-time cell analysis: Sensitivity of different vertebrate cell cultures to copper sulfate measured by xCELLigence. Ecotoxicology 2014, 23, 1582–1591. [Google Scholar] [CrossRef] [PubMed]

	



Urcan, E.; Haertel, U.; Styllou, M.; Hickel, R.; Scherthan, H.; Reichl, F.X. Real-time xCELLigence impedance analysis of the cytotoxicity of dental composite components on human gingival fibroblasts. Dent. Mater. 2010, 26, 51–58. [Google Scholar] [CrossRef] [PubMed]

	



Kustermann, S.; Manigold, T.; Ploix, C.; Skubatz, M.; Heckel, T.; Hinton, H.; Weiser, T.; Singer, T.; Suter, L.; Roth, A. A real-time impedance-based screening assay for drug-induced vascular leakage. Toxicol. Sci. 2014, 138, 333–343. [Google Scholar] [CrossRef]

	



Chalubinski, M.; Zemanek, K.; Skowron, W.; Wjodan, K.; Gorzelak, P.; Broncel, M. The effect of 7-ketocholesterol and 25-hydroxycholesterol on the integrity of the human aortic endothelial and intestinal epithelial barriers. Inflamm. Res. 2013, 62, 1015–1023. [Google Scholar] [CrossRef]

	



Nad, I.B.; Au, S.H.; Wheeler, A.H. A microfluidic platform for complete mammalian cell culture. Lab Chip 2010, 10, 1493–1632. [Google Scholar]

	



Sathya Sai Kumar, K.V.; Purna Sai, K.; Babu, M. Application of frog (rana tigerina daudin) skin collagen as a novel substrate in cell culture. J. Biomed. Mater. Res. 2002, 61, 197–202. [Google Scholar] [CrossRef]

	



Freshney, I.R. Culture of Animal Cells: A Manual and Basic Technique and Specialized Applications, 7th ed.; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2016. [Google Scholar]








[image: Animals 11 00367 g001 550] 





Figure 1. Tissue culture of Triturus cristatus: (A) primary culture of fresh tissue at day 30; (B) day 35; (C) passage 2 cells pre-cryopreservation; (D) passage 2 cells post-warming; (E) primary culture of cryopreserved tissue at day 45; (F) day 65; (G) passage 2 cells pre-cryopreservation; (H) passage 2 cells post-warming. 200 × magnification. Reference bar = 200 uM. 
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Figure 2. Model displaying the general growth pattern observed among treatments (A–C). Curves represent the mean cell index of four replicates. 
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Table 1. Media composition including supplements used on fresh or cryopreserved tissue.
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Media

	
Supplements

	
Type of Tissue






	
Medium A

	
100% Cellgro Minimum Essential Medium (MEM) Alpha 1 X (Fisher Scientific) supplemented with 10% foetal bovine serum (Gibco Life Technologies, Rockville, MD, USA) and 1% penicillin-streptomycin–glutamine (29.2 mg/mL L-glutamine, 10,000 units/mL penicillin and 10,000 µg/mL streptomycin sulfate (Gibco® Life Technologies, Rockville, MD, USA) [13]. Plus 0.1% Normocin (Invivogen 500 mg)

	

	
Fresh or cryopreserved




	
Medium B

	
20 µL/mL ITS (100 µL insulin 10 mg/mL + 100 µL transferrin 5.5 mg/mL + 10 µL selenite 20 µg/mL) (Sigma-Aldrich, Inc, St.Louis, MO, USA)

	
Fresh or cryopreserved




	
Medium C

	
0.1 mM mercaptoethanol (Pharmacia Biotec)

	
Cryopreserved




	
Medium D

	
20 µL/mL ITS

0.1 mM mercaptoethanol (Pharmacia Biotec)

	
Cryopreserved
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Table 2. Growth patterns of Triturus cristatus cells. Growth patterns of cells from fresh and cryopreserved media in two and four different media, respectively. The numbers shown indicate the number of replicates.
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Lost to Infection

	
Growth Patterns




	

	
Total no. of replicates

	
Unsuccessful due to fungus

	
Unsuccessful due to bacteria

	
Cell growth not observed

	
Culture reached 5–100 cells

	
Cell lines cryopreserved




	

	
Fresh Tissue in Medium A/B




	
Individual 1

	
3/3

	
2/3

	
0/0

	
2/0

	
1/3

	
0/0




	
Individual 2

	
3/3

	
1/2

	
0/1

	
0/1

	
3/2

	
1/0




	
Individual 3

	
3/3

	
0/0

	
0/0

	
0/0

	
3/3

	
0/2




	
Individual 4

	
3/3

	
2/2

	
0/1

	
1/1

	
1/2

	
0/0




	

	
Cryopreserved Tissue in Medium A/B/C/D




	
Individual 1

	
3/3/3/3

	
1/3/1/1

	
1/0/0/0

	
3/3/3/3

	
0/0/0/0

	
0/0/0/0




	
Individual 2

	
3/3/3/3

	
0/0/1/1

	
0/0/0/0

	
3/1/2/1

	
0/2/1/2

	
0/0/0/0




	
Individual 3

	
3/3/3/3

	
2/2/3/1

	
0/1/2/0

	
2/3/3/1

	
1/0/0/2

	
0/0/0/1




	
Individual 4

	
3/3/3/3

	
2/1/1/2

	
0/0/0/0

	
1/3/2/1

	
2/0/1/2

	
0/0/0/0








Medias are defined by A, B, C and D, please see Table 1 for more specific information.
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Table 3. Cell index (CI) obtained for different cell numbers of individual 2 at the three time points. Statistical significance was measured between treatments at various cell numbers for treatments A, B and C and at time points (i), (ii) and (iii) using the xCELLigence® system. Values of p < 0.05 are considered to indicate a statistically significant difference.






Table 3. Cell index (CI) obtained for different cell numbers of individual 2 at the three time points. Statistical significance was measured between treatments at various cell numbers for treatments A, B and C and at time points (i), (ii) and (iii) using the xCELLigence® system. Values of p < 0.05 are considered to indicate a statistically significant difference.





	
Time Point

	
Cell Number

	
NoMC(A)

(µ ± SE)

	
MC(B)

(µ ± SE)

	
MCPBS(C)

(µ ± SE)

	
One-Way ANOVA

	
Turkey’s Test






	
20 h (i)

	
5000

	
1.60 ± 0.12

	
1.37 ± 0.01

	
1.48 ± 0.13

	
F = 2.9 = 1.36, p = 0.30

	




	
7500

	
3.15 ± 0.13

	
3.06 ± 0.17

	
3.03 ± 0.03

	
F = 2.9 = 0.23, p = 0.79

	




	
10,000

	
4.45 ± 0.08

	
4.60 ± 0.05

	
4.59 ± 0.05

	
F = 2.9 = 1.96, p = 0.19

	




	
70 h (ii)

	
5000

	
0.85 ± 0.14

	
0.74 ± 0.05

	
0.87 ± 0.09

	
F = 2.9 = 0.47, p = 0.63

	




	
7500

	
2.07 ± 0.23

	
2.10 ± 0.12

	
1.85 ± 0.14

	
F = 2.9 = 0.60, p = 0.56

	




	
10,000

	
4.47 ± 0.19

	
5.13 ± 0.09

	
4.86 ± 0.17

	
F = 2.9 = 4.39, p = 0.04

	
(B > A) *




	
130 h (iii)

	
5000

	
0.48 ± 0.19

	
0.22 ± 0.11

	
-0.12 ± 0.04

	
F = 2.9 = 5.54, p = 0.02

	
(A > C) *




	
7500

	
1.99 ± 0.47

	
1.34 ± 0.17

	
0.18 ± 0.07

	
F = 2.9 = 10.06, p = 0.00

	
(A > C) **, (B > C) *




	
10,000

	
5.26 ± 0.32

	
6.42 ± 0.23

	
3.72 ± 0.36

	
F = 2.9 = 18.89, p = 0.00

	
(A > C) *, (B > C) ***








* = p < 0.05, ** = p < 0.01, *** = p < 0.001. Standard error (SE), Treatment A (No media change (NOMC)), Treatment B (Media change (MC)), Treatment C (Media change with PBS (MCPBS)).
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Table 4. Cell index (CI) obtained for different cell numbers of individual 3 at the three time points. Statistical significance was measured between treatments at various cell numbers for treatments A, B and C and at time points (i), (ii) and (iii) using the xCELLigence® system. Values of p < 0.05 are considered to indicate a statistically significant difference. Standard error (SE).
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Time Point

	
Cell Number

	
NoMC(A)

(µ ± SE)

	
MC (B)

(µ ± SE)

	
MCPBS (C)

(µ ± SE)

	
One-Way ANOVA

	
Turkey’s Test






	
20 h (i)

	
5000

	
1.61 ± 0.08

	
1.2 ± 0.08

	
1.61 ± 0.06

	
F = 2.9 = 1.88, p = 0.20

	




	
7500

	
2.63 ± 0.13

	
2.16 ± 0.11

	
2.28 ± 0.07

	
F = 2.9 = 5.26, p = 0.03

	
(A > B) *




	
10,000

	
4.90 ± 0.15

	
5.11 ± 0.13

	
4.72 ± 0.08

	
F = 2.9 = 2.47, p = 0.13

	




	
70 h (ii)

	
5000

	
1.84 ± 0.08

	
1.79 ± 0.11

	
1.69 ± 0.05

	
F = 2.9 = 0.75, p = 0.49

	




	
7500

	
6.18 ± 0.15

	
6.08 ± 0.35

	
3.85 ± 0.10

	
F = 2.9 = 4.35, p = 0.04

	
(A > C) ***, (B > C) ***




	
10,000

	
6.45 ± 0.37

	
7.13 ± 0.13

	
6.86 ± 0.11

	
F = 2.9 = 2.11, p = 0.17

	




	
130 h (iii)

	
5000

	
2.21 ± 0.11

	
2.24 ± 0.13

	
1.27 ± 0.03

	
F = 2.9 = 30.46, p = 0.00

	
(A > C) ***, (B > C) ***




	
7500

	
3.32 ± 0.12

	
2.81 ± 0.27

	
2.25 ± 0.18

	
F = 2.9 = 7.11, p = 0.01

	
(A > C) *




	
10,000

	
6.19 ± 0.15

	
6.08 ± 0.35

	
3.85 ± 0.10

	
F = 2.9 = 33.72, p = 0.00

	
(A > C) ***, (B > C) ***








* = p < 0.05, *** = p < 0.001. Standard error (SE), Treatment A (No media change (NOMC)), Treatment B (Media change (MC)), Treatment C (Media change with PBS (MCPBS)).
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Table 5. Cell index (CI) obtained for different cell numbers of individual 3 at three time points. Statistical significance was measured between treatments at various cell numbers for treatments A, B and C and at time points (i), (ii) and (iii) using the xCELLigence® system. Values of p < 0.05 are considered to indicate a statistically significant difference.
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Time Points

	
Treatment

	
Fresh Tissue

(µ ± SE)

	
Cryopreserved Tissue (µ ± SE)

	
t-Test

(p-Value) = Exact Permutation






	
20 h (i)

	
NoMC (A)

	
4.90 ± 0.15

	
2.94 ± 0.03

	
(0.000013) = 0.0142




	
MC (B)

	
5.11 ± 0.13

	
2.77 ± 0.04

	
(0.00000) = 0.0142




	
MCPBS (C)

	
4.72 ± 0.08

	
2.74 ± 0.08

	
(0.00000) = 0.0142




	
70 h (ii)

	
NoMC (A)

	
6.45 ± 0.37

	
6.57 ± 0.09

	
(0.76074) = 0.8285




	
MC (B)

	
7.13 ± 0.13

	
6.55 ± 0.07

	
(0.00796) = 0.0142




	
MCPBS (C)

	
6.86 ± 0.11

	
6.59 ± 0.34

	
(0.50642) = 0.5857




	
130 h (iii)

	
NoMC (A)

	
6.19 ± 0.15

	
8.61 ± 0.05

	
(0.000004) = 0.0285




	
MC (B)

	
6.08 ± 0.35

	
8.25 ± 0.10

	
(0.001035) = 0.0142




	
MCPBS (C)

	
3.85 ± 0.10

	
5.98 ± 0.49

	
(0.005869) = 0.0285








Standard error (SE), Treatment A (No media change (NOMC)), Treatment B (Media change (MC)), Treatment C (Media change with PBS (MCPBS)).
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