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Abstract

:

Simple Summary


Testicular tissues are composed of many types of germ cells, including early stages which can be grown up to fully formed spermatozoa following grafting or in vitro culture. The systematic banking of testicular tissues at freezing temperatures is useful for future use in assisted reproduction and to improve the reproductive management of rare mammalian species. The present study explored testicular tissue cryopreservation in the red-rumped agouti by slow freezing or vitrification methods, using different combinations of cryoprotectants. Solid-surface vitrification using the combination of dimethyl sulfoxide and ethylene glycol was the most effective protocol to preserve testicular cell morphology and proliferative potential.




Abstract


This study measured the effects of different freezing techniques and permeating cryoprotectants on the preservation of testicular tissues from adult red-rumped agoutis. Tissue biopsies (3.0 mm3) from five individuals were allocated to different experimental groups: control (non-cryopreserved); slow freezing (SF), solid-surface vitrification (SSV), and conventional vitrification (CV). Each method used dimethyl sulfoxide (DMSO), ethylene glycol (EG), or a DMSO + EG combination. Morphology, viability, mitochondrial activity, and proliferative potential were assessed in fresh and frozen tissue samples. Testicular morphology was better using SSV with a combination of DMSO and EG. Across the different cryopreservation approaches, as well as cryoprotectant combinations, cell viability was comparable. Regarding mitochondrial activity, DMSO + EG/SSV or CV, and DMSO + EG/CV were similar to the EG/SF group, which was the best group that provided values similar to fresh control groups. Adequate preservation of the proliferative potential of spermatogonia, Leydig cells, and Sertoli cells was obtained using SSV with DMSO + EG. Overall, the use of SSV with DMSO + EG was the best protocol for the preservation of testicular tissues from adult red-rumped agoutis.
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1. Introduction


The genus Dasyprocta, a wild hystricognath rodent, is composed of 13 different species of agoutis found throughout the Neotropical Americas [1]. These animals are important for the ecological balance, acting as seed dispersers and forming part of the food chain [2,3]. Among agoutis, the breeding of the red-rumped agouti (Dasyprocta leporina) is easy because it can adapt to captivity [4]. Thus, it is an excellent experimental model for the conservation of endangered hystricognath rodents, such as the D. ruantanica [5] and the D. mexicana [6].



Various efforts have been conducted to optimize assisted reproductive techniques and the preservation of agouti germplasms [7,8,9]. Thus far, the development of protocols for the cryopreservation and in vitro culture of ovarian tissues has been reported [8]. However, there are no data on agouti testicular tissues. Cryopreserving the male gonadal tissues enables the storage of germ cells at various developmental stages, including undifferentiated spermatogonia that can potentially provide an unlimited sperm production after grafting or in vitro culture of tissues [10,11]. Unlike laboratory rodents, the testes of agoutis are intra-abdominal, being subjected to peculiar physiological mechanisms that could lead to the need for adapted conservation protocols [12].



In mice and pigs, testicular tissue preservation is sufficiently effective to allow the production of viable offspring using sperm produced by the culture of cryopreserved tissues [11,13]. In wild species, recent publications have reported initial steps of the technology, especially in terms of the cryopreservation techniques and comparisons of different cryoprotectants [14,15]. Due to species-specific differences, the progress of technology suffers from the lack of protocols for certain species, because in most cases, the direct extrapolation of protocols from closely related species is not possible [16]. Overall, cryopreservation protocols have been based on slow freezing [15] and vitrification [14], which are mainly differentiated by the rate of cooling and concentration of cryoprotectants. In parallel, various cryoprotectants—isolated or in combination—have been tested for this purpose. For laboratory murine rodents such as rats, the isolated use of dimethyl sulfoxide (DMSO) is highlighted for immature individuals, whereas ethylene glycol (EG) is suggested for the cryopreservation of testes in mature individuals [17]. For some wild species, however, the combination of these cryoprotectants leads to the adequate recovery of viable testicular cells after cryopreservation [14,15,18].



The objective of this study was to measure the effect of different cryopreservation protocols (in association with different cryoprotectants) on the histomorphology, viability, proliferative potential, and mitochondrial activity of testicular cells from the red-rumped agouti.




2. Materials and Methods


2.1. Animal Ethics and Husbandry


All experiments were approved by the Animal Ethics Committee of the Federal Rural University of the Semi-Arid Region (UFERSA; Opinion no. 11/2019) and Chico Mendes Institute for Biodiversity Conservation (Opinion no. 66618-3). All individuals were raised at the Center of Multiplication of Wild Animals, UFERSA (Mossoró, RN, Brazil; 5°10′ S, 37°10′ W), registered at the Brazilian Institute of Environment and Renewable Natural Resources (IBAMA, no. 1478912).




2.2. Testicular Tissue Collection and Experimental Design


Gonads from five adult males (2.8 ± 0.54-year-old; weighing 2.38 ± 0.29 kg) were collected as part of an annual program aiming at controlling the experimental population. Testis pairs (one pair for each experimental replicate) were thoroughly washed in saline solution (0.9% NaCl) and transferred to the laboratory within 30 min at 22 °C.



Gonads were dissected to remove the surrounding tissues and extensively washed three times in saline solution. Dissected testes then were cut in multiple small pieces of 3 mm × 1 mm × 1 mm (3 mm3). For each individual, a total of 120 small fragments were collected and randomly allocated to 1 of the 10 following experimental groups: no cryopreservation (control); exposure to DMSO, EG, or DMSO + EG followed either by slow freezing (SF), solid-surface vitrification (SSV), or conventional vitrification (CV). In each treatment group (n = 12 testicular fragments per group), three fragments were evaluated for histomorphometry, cell viability, mitochondrial activity, and cell proliferative capacity.




2.3. Slow Freezing Solution and Method for Testicular Tissue Fragments


Minimum essential medium (MEM) supplemented with 0.25 M sucrose and 10% fetal bovine serum (FBS) served as the base of the SF solution. Cryoprotectants were added at the following concentrations: 1.5 M DMSO, 1.5 M EG, or 0.75 M DMSO + 0.75 M EG. In each treatment group, 12 tissue pieces were placed in 2.0 mL cryovial (Thermo Fisher Scientific, Pittsburgh, PA, USA) containing 2.0 mL of SF solution at 21 °C. Each cryovial was transferred to a Nalgene freezing container (Mr. Frosty®, (Thermo Scientific Nalgene, Rochester, NY, USA)) filled with isopropyl alcohol at 25 °C. The container was kept in a −80 °C ultralow freezer for 12 h. This system usually ensures a cooling rate of about −1 °C/min. After this first period, samples were plunged into a liquid nitrogen container for a one-week storage period [19].




2.4. Vitrification Solutions and Methods for Testicular Tissue Fragments


Minimum essential medium (MEM) supplemented with 0.25 M sucrose and 10% fetal bovine serum (FBS) served as the base of the vitrification solution. Cryoprotectants were added at the following concentrations: 3 M DMSO, 3 M EG, or 1.5 M DMSO + 1.5 M EG. Tissue fragments were exposed to vitrification solution for 5 min at 25 °C, following our previous protocols [14]. After removal of the excess solution on an aseptic absorbent filter, tissues were vitrified by conventional (CV) or solid-surface vitrification (SSV). For CV, tissue fragments were placed in cryotubes and plunged directly into liquid nitrogen for a one-week storage period [20]. Regarding SSV, fragments were deposited on an aluminum sheet for 30 s (solid surface of high thermal conductivity) in contact with liquid nitrogen. They were then transferred to cryotubes immersed in liquid nitrogen and stored for one week [14].




2.5. Warming of Cryopreserved Tissue Fragments


Cryovials were pulled out of the liquid nitrogen, kept in air for 1 min at 25 °C, and immersed for 2 min in a water bath at 37 °C. To remove the cryoprotectants, all testicular tissue fragments were thoroughly rinsed three times for 5 min in MEM with 10% FBS, and then exposed stepwise to decreasing concentrations of sucrose (0.50, 0.25 M, and 0 M sucrose) [14].




2.6. Histomorphology of Testicular Tissue Fragments


Tissue fragments from control and cryopreserved groups were fixed in Bouin solution for 12 h, embedded in paraffin blocks, sectioned (5.0 µm thickness), stained with hematoxylin–eosin, and evaluated under a light microscope (Olympus CX 31 RBSFA, Tokyo, Japan). Table 1 specifies the different parameters and scoring systems that were used to describe the histology. For each parameter, 5 seminiferous tubules in 6 different fields were evaluated, which corresponded to a total of 30 seminiferous tubules for each treatment [14]. Testicular tissue fragments with a total score of 3 were considered as morphologically normal. However, fragments with a total score of 0 were considered as degraded/degenerated.




2.7. Cell Viability in Testicular Tissue Fragments


Cells were dissociated and isolated from tissue fragments by enzymatic digestion [15]. Briefly, fragments were incubated with 0.2% collagenase type IV at 37 °C for 10 min, followed by the addition of an equal volume of FBS to stop the enzyme action. After centrifugation at 114× g for 5 min, the cell pellets were resuspended and incubated in a mixture of 3 µL propidium iodide (0.5 mg/mL in phosphate-buffered saline, PBS) and 5 µL Hoechst 33342 (40 µg/mL in PBS) for 10 min at 37 °C to detect viable testicular cells (red staining) and count the total of cells (blue nuclear staining), respectively. A total of 100 cells were counted and classified in each treatment group.




2.8. Cell Mitochondrial Activity in Testicular Tissue Fragments


The mitochondrial activity was determined according to the methodology adapted from Faure et al. [21]. A volume of 5 µL (500 µmol/L) of MitoTracker™ Red CMXRos was added to each cell suspension, briefly dissociated for the viability assay, and incubated for 15 min at 37 °C; then, cells were examined using standard immunofluorescence microscopy. The surface and intensity of mitochondrial staining was quantified through pixel count, using image analysis software (ImageJ, v 1.48, NIH, Bethesda, MD, USA). The intensity of fresh samples was used as a reference. Values obtained in each treatment group were divided by the intensity of fresh samples to obtain relative expression levels (arbitrary fluorescence units).




2.9. Cell Proliferative Potential in Testicular Tissue Fragments


Using a silver staining technique previously reported [14], the proliferative capacity potential was evaluated by detecting nucleolar organizer regions (NORs) in spermatogonia and Sertoli cells. Cells were identified through their morphological features (nuclear morphology and localization), as previously reported in agoutis [22]. Tissue sections mounted on slides were exposed to a silver solution composed of 1 part of 2% gelatin (in 1% aqueous formic acid) and 2 parts of 50% aqueous silver nitrate solution for 30 min in a dark room. After extensive washing in 5% thiosulfate solution for 10 min [23], the number of NOR dots was counted within the nucleoli of spermatogonia and Sertoli cells [22]. Observations were made in 10 randomly selected nuclei in 10 different fields at 1000× magnification, which resulted in 200 cells for each treatment group [24].




2.10. Statistical Analysis


Data are expressed as the means ± standard error of means (SEM). Values were first tested for normality (Shapiro–Wilk test) and homoscedasticity (Levene test). Non-parametric data were transformed into arcsine values before analysis. The effects of the cryopreservation technique and cryoprotectant combination on testicular parameters were analyzed by ANOVA. Tukey’s test was used for pair-wise comparisons of treatment groups. All analyses were performed using SAS, version 8.0 (SAS Institute, Inc., Cary, NC, USA).



For histomorphometry, scores were compared among all treatments with the Kruskal–Wallis test for independent samples using SPSS, version 22.0 (SPSS Inc., Chicago, IL, USA). For all analyses, differences were considered significant when p-values were < 0.05.





3. Results


3.1. Testicular Histomorphology


Most treatments prevented tubular cell swelling, tubular cell loss, rupture from basal membrane, and shrinkage from basal membrane parameters. Scores ranged from 2.79 to 2.96, which was similar to observations in control groups (p > 0.05) (Table 2, Figure 1). However, the use of CV with DMSO or EG led to scores that were lower than in control groups (p < 0.05) for tubular cell swelling (Figure 1I), tubular cell loss (Figure 1H), and rupture from basal membrane (Figure 1C,F,I; Table 2). Shrinkage from the basal membrane was most evident using SSV with DMSO (Figure 1E; Table 2) (p < 0.05). Regarding tubular structure, all treatments led to score values lower than control groups (p < 0.05) (Table 2).




3.2. Testicular Cell Viability


After all cryopreservation treatments, the percentages of cell viability were lower than in control groups (80.6 ± 0.5%; p < 0.05; Figure 2). There were no differences within cryopreservation treatments (p > 0.05), with percentages ranging from 31.6 ± 1.2% to 45.6 ± 2.9% (Figure 2).




3.3. Testicular Cells Mitochondrial Activity


Mitochondrial activity was similar in the EG/SSV group (0.90 ± 0.11%) and in the control group (1.00 ± 0.03%; p > 0.05; Figure 3). Overall, a reduction in mitochondrial activity was observed for all the other treatments in comparison with the control group (p < 0.05; Figure 3), with the lowest values observed in the DMSO/SSV group (0.29 ± 0.08%). Intermediate values of mitochondrial activity were observed with EG/SF, DMSO + EG/SSV, DMSO/CV, and DMSO + EG/CV (p > 0.05; Figure 3).




3.4. Testicular Cell Proliferative Potential


Average values of NORs (Figure 4A) were 2.92 ± 0.08 for spermatogonia (Figure 4B), 2.36 ± 0.07 for Leydig cells (Figure 4C), and 3.73 ± 0.11 NORs for Sertoli cells (Figure 4D). Preservations of spermatogonia proliferative potential in DMSO + EG/SF and DMSO + EG/SSV groups were comparable to control groups (p > 0.05; Figure 4B), whereas values increased (p < 0.05) in all the other treatment groups. Preservations of Leydig cell proliferative potential in DMSO/SF and DMSO + EG/SSV groups were similar to control groups (p > 0.05; Figure 4C). Reductions (p < 0.05) in the NOR values were observed for the other groups, except for DMSO/SSV group, which exhibited a significant increase (p < 0.05) in the number of NORs in comparison to the control group (Figure 4C). Preservations of Sertoli cell proliferative potentials in DMSO + EG/SF, DMSO + EG/SSV and EG/CV groups were similar to the control groups (p > 0.05; Figure 4D), whereas value increases in the proliferative potential were found in all the other treatment groups (p < 0.05; Figure 4D).





4. Discussion


The collective results provide the first steps on the development of technology for hystricognath rodents, using adult red-rumped agoutis as scientific models, and highlighting the efficiency of SSV with DMSO + EG. This is different from what was postulated for rats, a murine rodent for which the isolated use of EG associated with slow freezing is suggested for adult individuals, and DMSO for immature individuals [17]. Although both species belong to the Rodentia order, there are marked anatomical and physiological differences in gonads between adult rats and agoutis. Rat testicles are oval-shaped and located in the scrotum [25], whereas the gonads of male agouti are craniocaudally elongated and located in an intra-abdominal position [12]. Testicular cells from both species are subjected to completely different physiological environments and temperatures, which could be the reason why distinct cryopreservation protocols are needed.



Regardless of the freezing technique used, the DMSO + EG combination efficiently preserved four out of five histomorphological parameters evaluated, preventing tubular cell swelling and loss, as well as rupture and shrinkage from the basal membrane. Regarding the overall testicular tubular structure, the DMSO + EG combination as well as the isolated cryoprotectants failed to provide efficient protection. Adult testicular tissues are sensitive to manipulations because they contain different cell types in seminiferous tubules, each with complex metabolisms [26]. Thus, the use of cryoprotectant combinations is recommended, mainly to diminish the toxic effects of single cryoprotectants on tissue structures, especially with the use of vitrification techniques which require high concentrations of cryoprotectants [27]. This combination of cryoprotectants was previously proven to be efficient for the preservation of testicular tissue histomorphology of adult collared peccaries [14]. The two abovementioned cryoprotectants seem to act synergistically. The exposure to DMSO leads to cell dehydration and prevents the intracellular formation of ice crystals during cryopreservation. It also interacts with the lipid membrane and induces pore formation for the passage of water [28]. Additionally, EG reduces the formation of ice crystals due to its capacity to penetrate the cell and replace intracellular water, balancing intracellular proteins and preventing membrane rupture [23,29].



Using DMSO alone, but only when SF was conducted, four out of five histomorphological parameters were well conserved after agouti testicular tissue preservation, except for the tubular cell structure. With a lower concentration than for vitrification, DMSO alone was able to provide a gradual exchange of water under a slow temperature decrease enabled by SF [19]. On the other hand, the use of EG, especially during CV, severely impaired most of the histomorphological parameters of agouti testicular tissue. Probably, the high EG concentration damaged the testicular cells, because it is known that this cryoprotectant generates potentially toxic byproducts, such as glycolic acid and oxalate, which promote an accumulation of these compounds in the intracellular environment [30].



Regarding cell viability, fresh agouti testicular tissues presented around 80.6% viable cells. After cryopreservation, there was a decrease in cell viability, because values from 45.6% to 31.6% viable cells were found; however, there were no differences among distinct treatments. The present results are similar to those found in the literature; the majority of protocols currently used for testicular tissue preservation are reported to provide low to moderate proportions of cell viability in other adult rodents, such as Holtzman rats (Rattus norvegicus: ~40%) [17]. In contrast, testicular tissues from immature individuals seem to be more resistant to freezing processes, thus presenting higher proportions of viable cells, as observed for mice (Mus musculus: ~90%) [31].



Overall, the mitochondrial activity in agouti testicular tissues was better preserved with vitrification techniques than SF. Compared with SF, vitrification is considered more efficient to prevent the intracellular and extracellular formation of ice crystals. There is a lower risk of mechanical damage to cells and organelles such as mitochondria because of the formation of a solidified amorphous state due to high-speed cooling and high concentrations of permeating cryoprotectants [32,33]. Moreover, temperature variations during cryopreservation procedures could contribute to mitochondrial disfunctions, especially with SF protocols using a Nalgene container [19].



As observed with the use of the DMSO + EG combination in both vitrification techniques, the use of EG alone during SSV exerted adequate preservation of mitochondrial activity in agouti testicular tissues. The low toxicity of EG, associated with its high permeability [34] and its low molecular weight (62.07 g/mol), allows its rapid influx during equilibration and dilution [35]. Probably, the rapid influx of EG in testicular cells contributed to the preservation of mitochondrial activity, even when it was combined with DMSO, especially acting on the preservation of glutamate + malate-supported respiration, as also described during preservation of muscle fibers [36]. On the other hand, the isolated use of DMSO in both SF and SSV yielded the lowest values for mitochondrial activity. This could be a consequence of the pro-oxidant ability of DMSO [30], whose oxidative stress can cause lipid peroxidation [37], which alters the fluidity of membranes, reducing the selectivity in ion transport and transmembrane signaling, which impairs cell transport [38].



Regarding the cell proliferative potential, the use of a DMSO + EG combination during SSV was the only treatment preserving the number of NORs in spermatogonia, Leydig and Sertoli cells, with values comparable with those observed for the fresh control. Due to the close relationship between nucleolar organizer regions (NORs) and cellular activity, NOR size and number can reflect or predict cell proliferation, transformation, or evident malignancy [39]. After cryopreservation, it is expected that NORs remain similar to the controls, only rising after an in vitro culture as a response of tissue developments. This would occur as a response to the condensation of chromosomes in mitosis, because some of the proteins involved in the transcription of the rDNA sites remain attached to these sites, resulting in the under-condensation of these chromosomal regions and the formation of secondary constrictions, also called nucleolar organizer regions (NORs) [40]. In the other treatments, abnormal cell activity would be probably related to an increase in NORs, thus reflecting a malignant activation state [39].




5. Conclusions


In conclusion, the collective results indicate the use of a cryoprotectant combination composed of DMSO and EG associated with a solid-surface vitrification technique for the cryopreservation of testicular tissues derived from adult red-rumped agoutis. To the best of our knowledge, this is the first description of an effective preservation of male gonadal tissues in this species, representing an initial step for the adaptation of this methodology to wild hystricognath rodent preservation.







Author Contributions


A.M.S.: Conceptualization, Methodology, Writing—original draft preparation, Investigation. A.G.P.: Methodology, Investigation. L.G.P.B.: Methodology, Investigation. S.S.J.M.: Methodology, Validation. A.F.P.: Conceptualization, Methodology, Writing—original draft preparation, Investigation. M.F.O.: Conceptualization, Methodology, Writing—original draft preparation, Investigation. P.C.: Conceptualization, Writing—original draft preparation, Investigation. A.R.S.: Conceptualization, Methodology, Writing—original draft preparation, Investigation, Supervision, Project administration, Funding acquisition. All authors have read and agreed to the published version of the manuscript.




Funding


This study was financed in part by the Coordenação de Aperfeiçoamento de Pessoal de Nível Superior–Brazil (CAPES; Financial Code–001) and the National Council for the Scientific Development (CNPq; Grants no. 303929/2018-9).




Institutional Review Board Statement


All procedures were approved by the UFERSA Animal Ethics Committee, Opinion no. 11/2019.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Acknowledgments


Authors thank the team of the Centre for Multiplication of Wild Animals/UFERSA for providing the biological material used in the study.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Brown-Uddenberg, R.C.; Garcia, G.W.; Baptiste, Q.S.; Counand, T.; Adogwa, A.O.; Sampson, T. The Agouti (Dasyprocta leporina, D. aguti) Booklet and Producers Manual, 1st ed.; GWG Publications: St. Augustine, Trinidad and Tobago, 2004; ISBN 976-95123-0-3. [Google Scholar]

	



Galetti, M.; Donatti, C.I.; Steffler, C.; Genini, J.; Bovendorp, R.S.; Fleury, M. The role of seed mass on the caching decision by agoutis, Dasyprocta leporina (Rodentia: Agoutidae). Zoologia 2010, 27, 472–476. [Google Scholar] [CrossRef]

	



Mittelman, P.; Kreischer, C.; Pires, A.S.; Fernandez, F.A.S. Agouti reintroduction recovers seed dispersal of a large-seeded tropical tree. Biotropica 2020, 52, 766–774. [Google Scholar] [CrossRef]

	



Jones, K.R.; Lall, K.R.; Garcia, G.W. Omnivorous Behaviour of the Agouti (Dasyprocta leporina): A Neotropical Rodent with the Potential for Domestication. Scientifica 2019, 2019, 3759783. [Google Scholar] [CrossRef]

	



Schipper, J.; Emmons, L.; McCarthy, T. Dasyprocta ruatanica. In The IUCN Red List of Threatened Species; IUCN: Gland, Switzerland, 2016; p. e.T6287A22198054. [Google Scholar]

	



Vázquez, E.; Emmons, L.; Reid, F.; Cuarón, A.D. Dasyprocta mexicana (Mexican Agouti). In IUCN Red List Threatened Species; IUCN: Gland, Switzerland, 2008; p. e.T6285A12596623. [Google Scholar]

	



Castelo, T.S.; Silva, A.M.; Bezerra, L.G.P.; Costa, C.Y.M.; Lago, A.E.A.; Bezerra, J.A.B.; Campos, L.B.; Praxedes, E.C.G.; Silva, A.R. Comparison among different cryoprotectants for cryopreservation of epididymal sperm from agouti (Dasyprocta leporina). Cryobiology 2015, 71, 442–447. [Google Scholar] [CrossRef] [PubMed]

	



Praxedes, É.A.; Silva, M.B.; Oliveira, L.R.M.; Viana, J.V.S.; Silva, A.R.; Oliveira, M.F.; Pereira, A.F. Establishment, characterization, and cryopreservation of cell lines derived from red-rumped agouti (Dasyprocta leporina Linnaeus, 1758)—A study in a wild rodent. Cryobiology 2021, 98, 63–72. [Google Scholar] [CrossRef]

	



Silva, M.A.; Peixoto, G.C.X.; Sousa, P.C.; Bezerra, F.S.B.; Bezerra, B.R.S.A.; Silva, A.R. Interactions between straw size and thawing rates on the cryopreservation of agouti (Dasyprocta aguti) epididymal sperm. Reprod. Domest. Anim. 2012, 47, e4–e6. [Google Scholar] [CrossRef]

	



Fayomi, A.P.; Peters, K.; Sukhwani, M.; Valli-Pulaski, H.; Shetty, G.; Meistrich, M.L.; Houser, L.; Robertson, N.; Roberts, V.; Ramsey, C.; et al. Autologous grafting of cryopreserved prepubertal rhesus testis produces sperm and offspring. Science 2019, 363, 1314–1319. [Google Scholar] [CrossRef]

	



Kaneko, H.; Kikuchi, K.; Nakai, M.; Somfai, T.; Noguchi, J.; Tanihara, F.; Ito, J.; Kashiwazaki, N. Generation of live piglets for the first time using sperm retrieved from immature testicular tissue cryopreserved and grafted into nude mice. PLoS ONE 2013, 8, e70989. [Google Scholar] [CrossRef]

	



Menezes, D.J.A.; Silva, A.R.N.; Vieira, F.A.S.; Silva Neto, R.B.; Oliveira, M.F.; Illera, M.J.; Assis Neto, A.C.; Santos, J.R.S.; Carvalho, M.A.M. Testicular morphology and dynamic in adult agoutis (Dasyprocta prymnolopha). Arq. Bras. Med. Veterinária E Zootec. 2017, 69, 997–1005. [Google Scholar] [CrossRef]

	



Yokonishi, T.; Sato, T.; Komeya, M.; Katagiri, K.; Kubota, Y.; Nakabayashi, K.; Hata, K.; Inoue, K.; Ogonuki, N.; Ogura, A.; et al. Offspring production with sperm grown in vitro from cryopreserved testis tissues. Nat. Commun. 2014, 5, 4320. [Google Scholar] [CrossRef] [PubMed]

	



Silva, A.M.; Bezerra, L.G.P.; Praxedes, E.C.G.; Moreira, S.S.J.; Souza, C.M.P.; Oliveira, M.F.; Pereira, A.F.; Comizzoli, P.; Silva, A.R. Combination of intracellular cryoprotectants preserves the structure and the cells proliferative capacity potential of adult collared peccary testicular tissue subjected to solid surface vitrification. Cryobiology 2019, 91, 53–60. [Google Scholar] [CrossRef] [PubMed]

	



Silva, A.M.; Pereira, A.G.; Brasil, A.V.; Macedo, L.B.; Souza-Júnior, J.B.F.; Bezerra de Moura, C.E.; Pereira, A.F.; Oliveira, M.F.; Comizzoli, P.; Silva, A.R. Influence of freezing techniques and glycerol-based cryoprotectant combinations on the survival of testicular tissues from adult collared peccaries. Theriogenology 2021, 167, 111–119. [Google Scholar] [CrossRef] [PubMed]

	



Silva, A.M.; Pereira, A.F.; Comizzoli, P.; Silva, A.R. Cryopreservation and culture of testicular tissues: An essential tool for biodiversity preservation. Biopreserv. Biobank. 2020, 18, 235–243. [Google Scholar] [CrossRef] [PubMed]

	



Unni, S.; Kasiviswanathan, S.; D’Souza, S.; Khavale, S.; Mukherjee, S.; Patwardhan, S.; Bhartiya, D. Efficient cryopreservation of testicular tissue: Effect of age, sample state, and concentration of cryoprotectant. Fertil. Steril. 2012, 97, 200–208. [Google Scholar] [CrossRef] [PubMed]

	



Thuwanut, P.; Srisuwatanasagul, S.; Wongbandue, G.; Tanpradit, N.; Thongpakdee, A.; Tongthainan, D.; Manee-in, S.; Chatdarong, K. Sperm quality and the morphology of cryopreserved testicular tissues recovered post-mortem from diverse wild species. Cryobiology 2013, 67, 244–247. [Google Scholar] [CrossRef]

	



Pukazhenthi, B.S.; Nagashima, J.; Travis, A.J.; Costa, G.M.; Escobar, E.N.; França, L.R.; Wildt, D.E. Slow freezing, but not vitrification supports complete spermatogenesis in cryopreserved, neonatal sheep testicular xenografts. PLoS ONE 2015, 10, e123957. [Google Scholar] [CrossRef] [PubMed]

	



Lima, D.B.C.; Silva, T.F.P.; Aquino-Cortez, A.; Leiva-Revilla, J.; Silva, L.D.M. Vitrification of testicular tissue from prepubertal cats in cryotubes using different cryoprotectant associations. Theriogenology 2018, 110, 110–115. [Google Scholar] [CrossRef]

	



Faure, A.; Bouty, A.; O’Brien, M.; Thorup, J.; Hutson, J.; Heloury, Y. Testicular biopsy in prepubertal boys: A worthwhile minor surgical procedure? Nat. Rev. Urol. 2016, 13, 141–150. [Google Scholar] [CrossRef]

	



Costa, G.M.J.; Leal, M.C.; Ferreira, A.C.S.; Guimarães, D.A.; França, L.R. Duration of spermatogenesis and spermatogenic efficiency in 2 large neotropical rodent species: The agouti (Dasyprocta leporina) and paca (Agouti paca). J. Androl. 2010, 31, 489–499. [Google Scholar] [CrossRef]

	



Borges, A.A.; Lira, G.P.O.; Nascimento, L.E.; Queiroz Neta, L.B.; Santos, M.V.O.; Oliveira, M.F.; Silva, A.R.; Pereira, A.F. Influence of cryopreservation solution on the in vitro culture of skin tissues derived from collared peccary (Pecari tajacu Linnaeus, 1758). Biopreserv. Biobank. 2018, 16, 77–81. [Google Scholar] [CrossRef] [PubMed]

	



Chacur, M.G.M.; Ibrahim, D.B.; Arrebola, T.A.H.; Sanches, O.C.; Giuffrida, R.; Oba, E.; Ramos, A.A.; Chacur, M.G.M.; Ibrahim, D.B.; Arrebola, T.A.H.; et al. Evaluation of the AgNOR staining method in ovine testicles. Arq. Bras. Med. Veterinária E Zootec. 2015, 67, 447–454. [Google Scholar] [CrossRef]

	



Lima, J.R.R.; Martins, J.L. Macroscopic and microscopic testis evaluation in experimental model of undescent testis by Gubernaculum testis section in rats. Rev. Col. Bras. Cir. 2003, 30, 114–121. [Google Scholar] [CrossRef]

	



Sato, T.; Katagiri, K.; Kojima, K.; Komeya, M.; Yao, M.; Ogawa, T. In vitro spermatogenesis in explanted adult mouse testis tissues. PLoS ONE 2015, 10, e130171. [Google Scholar] [CrossRef] [PubMed]

	



Lima, G.L.; Luz, V.B.; Lunardi, F.O.; Souza, A.L.P.; Peixoto, G.C.X.; Rodrigues, A.P.R.; Oliveira, M.F.; Santos, R.R.; Silva, A.R. Effect of cryoprotectant type and concentration on the vitrification of collared peccary (Pecari tajacu) ovarian tissue. Anim. Reprod. Sci. 2019, 205, 126–133. [Google Scholar] [CrossRef]

	



Gurtovenko, A.A.; Anwar, J. Modulating the structure and properties of cell membranes: The molecular mechanism of action of dimethyl sulfoxide. J. Phys. Chem. B 2007, 111, 10453–10460. [Google Scholar] [CrossRef]

	



Yang, S.; Ping, S.; Si, W.; He, X.; Wang, X.; Lu, Y.; Ji, S.; Niu, Y.; Ji, W. Optimization of ethylene glycol concentrations, freezing rates and holding times in liquid nitrogen vapor for cryopreservation of rhesus macaque (Macaca mulatta) Sperm. J. Vet. Med. Sci. 2011, 73, 717–723. [Google Scholar] [CrossRef] [PubMed]

	



Best, B.P. Cryoprotectant Toxicity: Facts, Issues, and Questions. Rejuvenation Res. 2015, 18, 422–436. [Google Scholar] [CrossRef] [PubMed]

	



Milazzo, J.P.; Vaudreuil, L.; Cauliez, B.; Gruel, E.; Massé, L.; Mousset-Siméon, N.; Macé, B.; Rives, N. Comparison of conditions for cryopreservation of testicular tissue from immature mice. Hum. Reprod. 2008, 23, 17–28. [Google Scholar] [CrossRef]

	



Marques, L.S.; Fossati, A.A.N.; Rodrigues, R.B.; Rosa, H.T.; Izaguirry, A.P.; Ramalho, J.B.; Moreira, J.C.F.; Santos, F.W.; Zhang, T.; Streit, D.P. Slow freezing versus vitrification for the cryopreservation of zebrafish (Danio rerio) ovarian tissue. Sci. Rep. 2019, 9, 15353. [Google Scholar] [CrossRef]

	



Taylor, M.J.; Weegman, B.P.; Baicu, S.C.; Giwa, S.E. New approaches to cryopreservation of cells, tissues, and organs. Transfus. Med. Hemother. 2019, 46, 197–215. [Google Scholar] [CrossRef]

	



Emiliani, S.; Bergh, M.V.D.; Vannin, A.S.; Biramane, J.; Englert, Y. Comparison of ethylene glycol, 1,2-propanediol and glycerol for cryopreservation of slow-cooled mouse zygotes, 4-cell embryos and blastocysts. Hum. Reprod. 2000, 15, 905–910. [Google Scholar] [CrossRef] [PubMed]

	



Bautista, J.; Kanagawa, H. Current status of vitrification of embryos and oocytes in domestic animals: Ethylene glycol as an emerging cryoprotectant of choice. Jpn. J. Vet. Res. 1998, 45, 183–191. [Google Scholar] [PubMed]

	



Kuznetsov, A.V.; Kunz, W.S.; Saks, V.; Usson, Y.; Mazat, J.-P.; Letellier, T.; Gellerich, F.N.; Margreiter, R. Cryopreservation of mitochondria and mitochondrial function in cardiac and skeletal muscle fibers. Anal. Biochem. 2003, 319, 296–303. [Google Scholar] [CrossRef]

	



Gutteridge, J.M.C.; Halliwell, B. Antioxidants: Molecules, medicines, and myths. Biochem. Biophys. Res. Commun. 2010, 393, 561–564. [Google Scholar] [CrossRef] [PubMed]

	



Ayala, A.; Muñoz, M.F.; Argüelles, S. Lipid peroxidation: Production, metabolism, and signaling mechanisms of malondialdehyde and 4-Hydroxy-2-Nonenal. Oxid. Med. Cell. Longev. 2014, 2014, 360438. [Google Scholar] [CrossRef] [PubMed]

	



Hanemann, J.A.C.; Miyazawa, M.; Souza, M.S.G.S. Histologic grading and nucleolar organizer regions in oral squamous cell carcinomas. J. Appl. Oral Sci. 2011, 19, 280. [Google Scholar] [CrossRef]

	



Báez, M.; Gustavo Rodrigues Souza, L.; Guerra, M. Does the chromosomal position of 35S rDNA sites influence their transcription? A survey on Nothoscordum species (Amaryllidaceae). Genet. Mol. Biol. 2020, 43, e20180194. [Google Scholar] [CrossRef] [PubMed]








[image: Animals 12 00738 g001 550] 





Figure 1. Representative micrographs used for histomorphological evaluations of testicular tissue sections from adult red-rumped agoutis (n = 5 males) after different cryopreservation treatments. (A) Non-cryopreserved control group, and cryopreserved groups using (B) slow freezing [SF] with dimethyl sulfoxide [DMSO], (C) SF with ethylene glycol [EG], (D) SF with DMSO + EG, (E) solid-surface vitrification [SSV] with DMSO, (F) SSV with EG, (G) SSV with EG + DMSO, (H) conventional vitrification [CV] with DMSO, (I) CV with EG, (J) CV with DMSO + EG. Black arrows indicate rupture from the basal membrane. White arrow shows shrinkage from the basal membrane. Asterisks shows tubular cell loss. White arrowheads show cell swelling. Scale bar: 20 µm. 
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Figure 2. Evaluations of cell viability in testicular tissues from adult red-rumped agoutis (n = 5 males) after different cryopreservation treatments. (A) Representative picture of testicular cell viability evaluated by fluorescent probes. Blue arrow indicates cells in suspension stained with Hoechst 33342; red arrow indicates non-viable cells in the same suspension stained with propidium iodide. (B) Average proportions (mean ± SEM) of viable cells in testicular tissues exposed to different treatments (slow freezing, SF; conventional vitrification, CV; and solid-surface vitrification, SSV) and different cryoprotectants: dimethyl sulfoxide (DMSO), ethylene glycol (EG), and DMSO + EG. Scale bar: 20 µm. a,b Different lowercase letters above bars indicate differences among treatments (p < 0.05). 
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Figure 3. Evaluations of mitochondrial activity (MitoTracher Red staining) in testicular tissues from adult red-rumped agoutis (n = 5) after different cryopreservation treatments. (A) Representative images for: (a) Hoechst 33342 staining, (b) MitoTracher Red staining, (c) merged images; (B) Average values (mean ± SEM) of arbitrary unities used for the evaluation of mitochondrial activity in testicular tissues exposed to different treatments (slow freezing, SF; conventional vitrification, CV; and solid-surface vitrification, SSV) and different cryoprotectants: dimethyl sulfoxide (DMSO), ethylene glycol (EG), and DMSO + EG. Scale bar: 20 µm. a–e Different lowercase letters above bars indicate differences among treatments (p < 0.05). 
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Figure 4. (A) Representative picture of proliferative potential evaluated by the quantification of nucleolar organizer regions (NORs) in testicular cells from adult red-rumped agoutis (n = 5 males): (a) Seminiferous tubule, scale bar: 20 µm; (b) enlarged seminiferous tubule area showing spermatogonia (white arrow), Leydig cell (black arrowhead), and Sertoli cell (black arrow), scale bar: 10 µm. (B–D) evaluations of proliferative capacity as the average number NORs (mean ± SEM) in spermatogonia (B), Leydig cells (C), and Sertoli cells (D) exposed to different treatments (slow freezing, SF; solid-surface vitrification, SSV; and conventional vitrification, CV) with different cryoprotectants (dimethyl sulfoxide, DMSO; ethylene glycol, EG; DMSO + EG combination). a–d Different lowercase letters above bars indicate differences among treatments (p < 0.05). 
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Table 1. Morphological parameters of seminiferous tubules from the testes of red-rumped agoutis.
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Parameter

	
Scores




	
#3

	
#2

	
#1






	
Tubular cell swelling

	
No swelling

	
>50% cells without swelling

	
>50% cells with swelling




	
Tubular cell loss

	
No cell loss

	
<75% cell types lost

	
>75% cell types lost




	
Rupture from basal membrane

	
No rupture

	
Partly ruptured (<50%)

	
Mostly ruptured (>50%)




	
Shrinkage from basal membrane

	
No shrinkage

	
Partly shrinkage (<50%)

	
Mostly shrinkage (>50%)




	
Tubular structure

	
Intact structure

	
All cell types present

although slightly

disordered structure

	
Random distribution of

remaining cells
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Table 2. Morphological evaluation (3, normal to 1, degenerated) of adult Dasyprocta leporina (n = 5 males) fresh (control) vs. cryopreserved testicular tissues using different cryopreservation techniques (slow freezing, SF; conventional vitrification, CV; solid surface vitrification, SSV) and cryoprotectants (dimethyl sulfoxide (DMSO); ethylene glycol (EG)).
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Tubular Cell Swelling

	
Tubular Cell Loss

	
Rupture from Basal Membrane

	
Shrinkage from Basal Membrane

	
Tubular Structure






	
Control

	

	
2.80 ± 0.04 a,b

	
2.91 ± 0.03 a,b

	
2.91 ± 0.02 a,b

	
2.94 ± 0.02 a,b

	
2.36 ± 0.04 a




	
SF

	
DMSO

	
2.88 ± 0.03 a,b

	
2.93 ± 0.02 a,b

	
2.92 ± 0.03 a,b,c

	
2.88 ± 0.03 a,b

	
2.04 ± 0.02 b




	
EG

	
2.80 ± 0.04 a,b

	
2.86 ± 0.03 a,b

	
2.88 ± 0.03 c

	
2.76 ± 0.04 a,c

	
2.03 ± 0.02 b




	
DMSO + EG

	
2.83 ± 0.04 a,b

	
2,92 ± 0.03 a,b

	
2.95 ± 0.02 a,b

	
2.96 ± 0.02 a

	
2.02 ± 0.01 b




	
SSV

	
DMSO

	
2.88 ± 0.03 a

	
2.85 ± 0.03 b,c

	
2.77 ± 0.03 b,c

	
2.87 ± 0.03 c

	
2.02 ± 0.01 b




	
EG

	
2.85 ± 0.03 a,b

	
2.92 ± 0.02 a,b

	
2.87 ± 0.03 b,c

	
2.88 ± 0.03 a,c

	
2.01 ± 0.01 b




	
DMSO + EG

	
2.94 ± 0.02 a

	
2.99 ± 0.01 a

	
2.95 ± 0.02 a

	
2.98 ± 0.01 a

	
2.03 ± 0.02 b




	
CV

	
DMSO

	
2.73 ± 0.04 b,c

	
2.93 ± 0.02 a,b

	
2.91 ± 0.03 b,c

	
2.84 ± 0.03 a,b

	
2.04 ± 0.02 b




	
EG

	
2.65 ± 0.04 c

	
2.78 ± 0.04 c

	
2.79 ± 0.04 c

	
2.76 ± 0.04 b,c

	
2.09 ± 0.03 b




	
DMSO + EG

	
2.96 ± 0.02 a

	
2.94 ± 0.02 a,b

	
2.88 ± 0.04 a,b

	
2.98 ± 0.02 a,c

	
2.02 ± 0.02 b








a–c Different superscript lowercase letters indicate significant differences among treatments according to Kruskal–Wallis tests (p < 0.05).
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