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This is the first time that testicular tissue (n = 44) and isolated testicular cells (n = 51) were cryopreserved from alpaca testes 24 h postmortem. For this purpose, internally designed freezing media and cryopreservation protocols were used. Testicular tissue fragments (25 mg) and isolated testicular cells were frozen in MTDB (trehalose and black maca), MTD (trehalose), MSDB (sucrose and black maca), and MSD (sucrose) media. Isolated spermatogonial cells were cryopreserved in two ways, before and after proliferation in vitro. After cryopreservation, the percentage of cell viability in Group 1 (>50% of cell viability) by trypan blue did not show differences within each group (p > 0.05) but showed significant differences when comparing fragments with isolated cells (p < 0.05). Spermatogonial stem cells (SSC) were identified by flow cytometry as strong Dolichos biflorus agglutinin (sDBA) and mitochondrial activity of SSC as strongly positive for MitoSense (sMitoSense+) in intact mitochondria cells, weakly positive for MitoSense (wMitoSense+) in early apoptosis, and necrosis with 7-Aminoactinomycin-D positive (7-AAD). After freezing, in Group 1M (≥30% sMitoSense+), the fragments did not show differences between the media (p > 0.05), but in the isolated cells frozen in MSDB medium, 63.68 ± 8.90% (p < 0.05). In Group 2M (<30% sMitoSense+), necrosis (7AAD+) in MSDB medium was 27.03 ± 5.80%, and necrosis in isolated cells was 14.05 ± 9.3% with significant differences between these groups (p < 0.05); in sMitoSense+, the isolated cells (34.40 ± 23%) had a higher percentage than the fragments (12.4 ± 5.2) (p < 0.05). On the other hand, MSDB and MSD media were significantly higher for isolated cells than for fragments in sDBA+ (p < 0.05). On the other hand, the SSC (sDBA+) had significant differences (p < 0.05) between fresh cells 7.43 ± 1.3% (sDBA+) compared with those cryopreserved in MSDB medium 1.46 ± 0.34% (sDBA+). Additionally, the proliferated and cryopreserved SSC 6.29 ± 1.17% (sDBA+) did not show significant differences concerning the fresh cells (p > 0.05). In conclusion, the black maca showed antioxidant properties when it was included in the freezing medium and, therefore, improved the SSC's conservation of the alpaca. Furthermore, the proliferation of isolated cells in vitro produces a higher amount of SSC after thawing them for further preclinical or clinical work.
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INTRODUCTION

Spermatogonial stem cells (SSC) are present in minimal amounts in the seminiferous tubules of adult animals; in particular, it is estimated that only 0.03% of cells correspond to SSC (1, 2). SSC have the ability to self-renew, which guarantees balanced male fertility (3). This property makes them attractive as an advanced biotechnological tool for conserving genetic material from wildlife and elite animals, since the establishment of SSC banks (4).

In addition, testicular tissue preserved ex vivo through the freezing of testicular biopsies or isolated SSC from adult individuals could serve as a reservoir for the rescue and conservation of male fertility (4). In fact, the preservation of SSC allows for the rescue of important genetic material. Therefore, these cells can help to preserve male fertility in individuals from childhood to adulthood and in animals with good reproductive characteristics. Indeed, frozen and thawed testis tissues or isolated cells can be transplanted to the same individual from which the progenitor tissues were derived or to an individual of a lesser race, making the recipient individual produce male animal gametes from these sources (5).

Moreover, SSC cryopreservation would allow the study, rescue, and conservation of SSC of animals with high genetic value (6), including animals with a high economic impact in Peru, such as alpacas, and can thus be used for reproductive genetic management of Peruvian alpacas producing good fiber. In animal models, it has been described that frozen testis tissue can undergo differentiation after cryopreservation, thereby producing primary spermatocytes that eventually differentiate into round spermatocytes and ensuring the production of spermatozoa (1, 7, 8). Therefore, cryopreservation of testicular tissue shows excellent potential in assisting male fertility (9, 10) because spermatozoa and SSC can be rescued from testicular biopsies after thawing and be used for assisted reproduction techniques of high complexity, such as intracytoplasmic insemination (ICSI), with low abortion rates (11, 12).

Currently, several research groups are committed in developing biotechnologies in the fields of both isolation, cryopreservation, and transplantation of SSC, highlighting the possible applications of SSC (13). For example, extensive work has been carried out on humans (11), mice (14, 15), cattle (16), pigs (17), and alpacas (18), where it was possible to identify SSC as well as early differentiating SSC using molecular markers and Dolichos biflorus agglutinin (DBA) (19).

Cryopreservation of isolated SSC or SSC in the form of testicular biopsies has the potential, in the long term, to support highly efficient methods of reproductive biotechnology for conserving male genetic material and could lay the foundation for the creation of SSC banks for the Peruvian alpaca, generating potentially useful new alternatives to conserve male fertility in alpaca elites. Alpaca is one of the leading livestock species of the high Andean region in Peru, with great economic impact. Peru hosts more than 87% of the worldwide alpaca population. Distributed in a more significant proportion in Puno, Cuzco, and Huancavelica, 85% of the alpaca population corresponds to the Huacaya breed (with 95% white and 5% colored) and 15% to the Suri breed (7), whose productivity is currently declining. Peruvian alpacas have high genetic variability (20, 21); however, fiber productivity decreases annually by 2.3%.

Various research groups have started to study and characterize this species from the reproductive perspective, with genetic improvement as one of the main objectives (22, 23). Advances have been made in the cryopreservation of semen and epididymal sperm, artificial insemination, and embryo culture as well as in the evaluation of genetic diversity, in order to establish strategies for the selection of reproducers and the application of appropriate technologies for this species (24). However, alpaca reproduction still shows considerable difficulties, such as a long gestation time, difficult handling, and establishing artificial insemination programs. Indeed, this method is limited by semen collection or by low post-thawing motility of epididymal sperm (25). Unfortunately, adequate protocols for semen preservation, one of the most widely used techniques in reproductive biotechnology in other domestic species, have not yet been established for alpacas; therefore, it is necessary to study germ cells from different perspectives.

In adult alpacas, the presence of SSC was identified using molecular markers (Zbtb16, Integrin β1) and by flow cytometry (FC) after enzymatic isolation from testicles of adult alpacas and staining with DBA, as SSC are strongly DBA-positive (sDBA+) cells (18) that can proliferate and differentiate in vitro (26). Because of this property, freezing of gonadal tissue or isolated spermatogonial cells can facilitate the conservation of SSC as well as testicular sperm, which could be used in several reproductive procedures (6, 27, 28).

Unfortunately, it was never possible to freeze testicular biopsies or testicular fragments of alpaca with traditional cryopreservation media; however, in some species, such as mice, pigs, cattle, and humans, some freezing media and techniques have been optimized. For instance, vitrification-based freezing of human testicular biopsies has been described, with promising results for the cryopreservation of testicular tissue (9). Moreover, it has been observed that freezing testicular tissue of mice with dimethylsulfoxide (DMSO) and propanediol (PROH) preserves the ability of testicular sperm to produce embryos via ICSI, which, when transferred to pseudopregnant females, generate new individuals (10).

Therefore, supplementation of the medium with different additives is a strategy to improve the efficiency of cryopreservation. For instance, the use of sugars, such as trehalose and sucrose, as non-permeable cryoprotectants is recommended to increase the recovery, viability, proliferative capacity, and colonization efficiency of undifferentiated spermatogonia after thawing in species, such as mice (15), pigs (17, 29), and cattle (16). In addition, cryopreservation media have also been supplemented with additives, such as collagen, laminin, and antioxidants. The latter can increase the survival of cells by scavenging the reactive oxygen species generated during the cryopreservation process, which can damage cellular structures, such as membranes or proteins, thereby the sensitivity to freeze/thaw processes, or DNA integrity, thus reducing the viability and proliferative capacity of SSC (13).

Indeed, there is an obvious need to preserve male fertility in individuals from childhood to adulthood (for example in oncology patients) and animals with some good reproductive characteristics that become evident during the adult stage. Therefore, conserving testicular tissue ex vivo through the freezing of testicular biopsies or isolated SSC of adult individuals could serve as a reservoir for the rescue and conservation of male fertility.

Nevertheless, alpaca sperm cryopreservation has not been used extensively because of its limiting step of semen collection. In addition, alpaca epididymal sperm presents low sperm motility after thawing, so it is impossible to use it in artificial insemination programs. On the other hand, freezing of gonadal tissue or isolated spermatogonial cells would facilitate the conservation of SSC and spermatozoa and contribute to the preservation fertility of alpacas.

Therefore, SSC are attractive as an advanced biotechnological tool for the conservation of male genetic material of wildlife and elite animals. SSC freezing/thawing would allow the study, rescue, and conservation of SSC of animals with high genetic value, including animals with a high economic impact in Peru, such as alpacas, and thus can be used for reproductive genetic management in Peruvian alpacas producing good fiber. Furthermore, in animal models, it has been described that differentiation of SSC ensures spermatozoa production (1, 7, 8). In adult alpacas, the presence of SSC has been identified using molecular markers (Zbtb16, Integrin β1) and by FC after enzymatic isolation from testicles of adult alpacas and staining with DBA, as SSC are sDBA+ cells [mean ± standard deviation (SD) of sDBA+] corresponding to SSC = 4.43 ± 0.68% (18), which can proliferate and differentiate in vitro (26, 30). Cryopreservation of testicular tissue shows promising applications in male fertility (9, 10). Indeed, testicular biopsies, spermatozoa, and SSC can be recovered after thawing and used in assisted reproduction techniques of high complexity, such as ICSI, with low abortion rates (12).

It has been observed that administering maca in vivo to mice with physically induced subfertility during 35-days treatments reduces sperm DNA fragmentation, from 11.1 ± 19.29 to 2.29 ± 2.30% (mean ± SD) while increasing sperm concentration and mobility (31). In addition, different biological responses to various ecotypes of maca have been observed (32). For example, maca can exert anti-stress energizing effects and scavenge free radicals and provide cytoprotection under oxidative stress conditions (33–35). Unfortunately, it was never possible to freeze testicular biopsies or testicular fragments of alpaca with traditional cryopreservation media.

After thawing human testes tissue, the testicular sperm can be used for ICSI with low abortion rates (12). Advances in tissue cryopreservation, as well as in germ cell transplantation and testicular biopsy technology, open new horizons for the preservation of male fertility (36, 37), offering alternatives to cancer patients affected in their fertility since childhood (38). Indeed, cryopreservation of testis biopsies can help children who are subjected to aggressive treatments preserve future fertility after transplant (39, 40).

Maca (Lepidium meyenii Walp), a plant of the Brassicaceae family from the high Andean region of Peru, grows at 4,000 m.a.s.l., whose traditional use has been for 2,000 years as food and also has a medicinal role (41). Its consumption has been shown to improve fatigue (42), spermatogenesis (32, 41), and erectile dysfunction in animals (43) and in humans (44). Different biological responses of maca ecotypes (32) provide energizing anti-stress and antioxidant effects (33, 34, 45), natural cytoprotection (46), and cytoprotection in oxidative stress conditions (35). Through nuclear magnetic resonance (NMR) and biochemical analysis, Zhao et al. identified that in maca, there are proteins, lipids, carbohydrates, and unsaturated fatty acids and minerals (47). Maca shows properties as a natural potential cryoprotection agent (CPA) to alpaca SSC. On the other hand, it has been observed that maca reduces sperm DNA fragmentation in animals with chemically induced subfertility (31); moreover, long-term treatment with black maca has been reported to enhance daily sperm production and increase sperm motility. These findings indicate differences in the biological response to various maca ecotypes (32), such as anti-stress energizing effects, free radical scavenging, and cytoprotection under oxidative stress conditions (33–35).

For this purpose, we developed cryopreservation media with permeable and non-permeable cryoprotective agents and the addition of a natural supplement, black maca, whose components exert antioxidant effects in mice (31). It was never possible to freeze testicular biopsies or testicular fragments of alpaca with traditional cryopreservation media; however, in some species, such as mice, pigs, cattle, and humans, freezing of testicular material has been successfully performed.

We propose that our freezing media would help tissue and cell cryogenics for promising applications in prepubertal patients and even adult men, as well as for elite animals of high value and genetic lineage, and economic impact, such as alpacas, valued for their quality of fiber and meat, and the conservation of wildlife animals.

Here, we aimed to evaluate the cytoprotective effect of black maca during cryopreservation in both testicular biopsies and isolated SSC before and after in vitro proliferation by analyzing mitochondrial activity, early apoptosis, and post-thawing necrosis.



MATERIALS AND METHODS


Animals

Fifty-one adult male alpacas (4–6 years old), coming from family breeding facilities of the populated centers of the Lacchoc, Cachimayo, Huaracco, and Carhuancho areas (Huancavelica, Peru), were slaughtered in the Municipal Camal of Chuñuranra town, at 3,680 m.a.s.l. The environmental temperature of the area fluctuates between 6 and 8°C, with an average annual rainfall between 400 and 700 mm and an altitude between 3,000 and 4,600 m.a.s.l. Testicles with epididymis were recovered immediately after slaughter in 0.9% NaCl and transported in isothermal boxes provided with gel ice to maintain the cold chain during transport (24 h) to the Laboratory of Reproductive Physiology, Faculty of Biological Sciences, Universidad Nacional Mayor de San Marcos (UNMSM), Lima, Peru.



Samples

Testicles and epididymis were washed in phosphate-buffered saline with 0.1 mg/ml penicillin, 0.1 mg/ml streptomycin, and 0.5 mg/ml gentamicin soon after arrival at the laboratory (UNMSM) in Lima, Peru. The tunica albuginea tissue was removed in sterile conditions. Testes that weighed ≥8 g and exhibited progressive epididymal sperm motility of ≥30% were selected (26).

Epididymal sperm parameters were evaluated according to Organization WH (48). Sperm motility was evaluated and classified as follows: P, progressive motility; NP, non-progressive motility; and I, immotile. Several microscopic fields were evaluated using a Scientific i4 Series light microscope (LW Scientific, Lawrenceville, GA, USA) and a video recorder with an OmniVID camera, and the MicroCap v3.0 software (LW) values were expressed as percentages, based on the observation of 100 spermatozoa in each sample. Samples were classified as good (≥30% of progressive motility of epididymal spermatozoa), regular (20–29% of progressive motility of epididymal spermatozoa), and poor (from 0 to 19% of progressive motility of epididymal spermatozoa), as described by Valdivia et al. (18). Only samples exhibiting good quality were used for the thawing protocol of fragments and isolated spermatogonial cells. Sperm concentration was determined using a hemocytometer and expressed in millions of spermatozoa/ml.

Forty-four samples were frozen as fragments and 32 samples as isolated spermatogonial cells. Eight samples frozen as fragments and isolated spermatogonial cells were analyzed by FC. Fifteen additional samples were used for the in vitro proliferation experiment.

Freezing media for fragments and isolated spermatogonial cells were supplemented with atomized black maca (Juvens® Cayenatur, Lima, Peru) as described by the Research Circle of Plants with Effect on Health (grant no. 010-2014-FONDECYT). Botanical samples were deposited in the HEPLAME MG-2015 (Herbarium of Medicinal Plants, Section of Pharmaceutical Sciences, Faculty of Sciences and Philosophy, Universidad Peruana Cayetano Heredia). Maca components have been previously characterized by NMR (49).



Recovery of Testicular Tissue Fragments and Cryopreservation (Protocol LFR-UNMSM-2)

Longitudinal cuts of testicles were made, and three 25-mg fragments of tissue (8 × 2 × 2 mm) were obtained from each sample and immediately transferred to 80 μl of four media at room temperature: MTDB (HAM-F10 modified, 0.2 M of trehalose, 10% DMSO, and 20 mg/ml atomized black maca Juvens®), MTD (HAM-F10 modified, 0.2 M of trehalose, and 10% DMSO), MSDB (HAM-F10 modified, 0.2 M of sucrose, 10% DMSO, and 20 mg/ml atomized black maca Juvens®), or MSD (HAM-F10 modified, 0.2 M of sucrose, and 10% DMSO).

Samples (n = 44) were placed for stabilization for 1 h in a water bath at 4°C. Subsequently, cryopreservation was performed in the Freeze Control CL 3300 heat-controlled system (CryoLogic, Victoria, Australia) using the Cryogenesis IV software. Our in-house designed freezing protocol of testicular fragments is called protocol LFR-UNMSM-2 (30). Freezing begins at 4°C and ends at −35°C. After the process, the samples were suspended in nitrogen vapors (−80°C) for 12 h. Then, the samples were immersed in liquid nitrogen at −196°C. Samples were slowly thawed from −196°C, placing them in a 12 × 8 cm polystyrene box uncovered in room temperature at 19°C for 5 min then to 37°C until it thaws completely (5 min more approximately).



Isolation of SSC

Testicular tissue (0.8 g), except rete testis, was cut into small pieces in Minimum Essential Medium (MEM) supplemented with 100 μg/ml penicillin and 100 μg/ml streptomycin; then, fragments were filtered through a metal mesh in order to disaggregate the tissue into spermatogonial cell suspensions. Subsequently, the samples were processed according to Izadyar et al. (50), by two steps of enzymatic digestion (ED): ED1 and ED2. ED1 was performed in MEM supplemented with 1 mg/ml collagenase, 26.3 μl/ml DNase, and 0.5 mg/ml hyaluronidase for 30 min at 32°C in continuous motion, and then the suspension was washed with MEM by centrifugation and resuspension. The cells were then suspended in ED2 medium, which was supplemented with 1 mg/ml collagenase and 0.5 mg/ml hyaluronidase according to the previously described methodology (50). The cell suspension was centrifuged at 1,800 rpm (300 × g) for 5 min, the supernatant was discarded, and the cell pellet was washed three times in MEM supplemented with penicillin and streptomycin. Finally, cell viability was analyzed via trypan blue exclusion assay. In this assay, non-stained cells were considered alive, whereas cells staining blue were dead. Samples (n = 32) showing ≥80% of cell viability by trypan blue assay were used for cryopreservation and in vitro culture experiments.



Cryopreservation of Isolated Spermatogonial Cells (Protocol LFR-UNMSM-3)

Similar to testicular fragments, 2 × 106/ml isolated spermatogonial cells (n = 32) were mixed with MTDB, MTD, MSDB, or MSD medium at 1:1 ratio in a total volume of 80 μl. Next, 40 μl of the cell suspension was added to 40 μl of four cryopreservation media: MTDB (HAM-F10 modified, 0.2 M of trehalose, 10% DMSO, and 20 mg/ml atomized black maca Juvens®), MTD (HAM-F10 modified, 0.2 M of trehalose, and 10% DMSO), MSDB (HAM-F10 modified, 0.2 M of sucrose, 10% DMSO, and 20 mg/ml atomized black maca Juvens®), or MSD (HAM-F10 modified, 0.2 M of sucrose, and 10% DMSO) at room temperature. After stabilization (for 1 h at 4°C), the samples were frozen in the heat-controlled system using the Cryogenesis IV software and our in-house designed protocol for cell suspensions (LFR-UNMSM-3) (30). The temperature decrease continued at a rate of 2°C/min until reaching a temperature of −7°C, set to last 11 min. At this temperature, ice sowing was induced by seeding. Subsequently, at a rate of 0.3°C/min, the temperature reached −30°C and was then immediately brought down to −84°C at a rate of 6°C/min. At the end of the freezing process, the samples were withdrawn from the cryochamber, suspended in liquid nitrogen vapors for 12 h, and then immersed in liquid nitrogen at a temperature of −196°C. Samples were thawed from −196 to 18°C for 5 min and incubated at 37°C.



In vitro Culture of Isolated Spermatogonial Cells

Other aliquots of the spermatogonial cell suspensions (1 × 106 cells/ml) were cultured in vitro according to Valdivia et al. (26) in polystyrene culture plates (SPL Life Science) with Dulbecco's Modified Eagle Medium (DMEM; Gibco) supplemented with 0.29 mg/ml L-glutamine (Sigma-Aldrich), 10 μl/ml non-essential amino acids (Sigma-Aldrich), 100 μg/ml penicillin (Sigma-Aldrich), 100 μg/ml streptomycin (Sigma-Aldrich), 1 μl/ml insulin–selenite–transferrin sodium (Sigma-Aldrich), 30 mg/ml pyruvic acid (Sigma-Aldrich), 1 μl/ml lactic acid (Sigma-Aldrich), 0.5% bovine serum albumin (Sigma-Aldrich), 1% fetal bovine serum (Sigma-Aldrich), and 1% human milk (donated by an anonymous mother). Cells were cultured at 37°C and 5% CO2 for 15 days. After that, the cells were cryopreserved and thawed following the protocol LFR-UNMSM-03 as described above.



Quantification of SSC and Cells Displaying Normal Mitochondrial Membrane Potential After Cryopreservation by FC

Similarly, the amount of SSC was evaluated in 1 × 106 cells/ml per sample, from fragments (n = 8) and isolated cells (n = 8) post-thawing, after labeling with 100 μg/ml of the fluorescein isothiocyanate-conjugated DBA. Through this method, we identified SSC as sDBA+ cells, early differentiating cells as weakly marked (wDBA+) cells, and differentiated round cells as DBA-negative (DBA–) cells, according to Valdivia et al. (26). The mitochondrial state of the post-thaw cells was determined with the FlowCellect MitoPotential Red Kit (Merck), which is a dual parameter assay kit for FC including MitoSense Red, a fluorescent cationic dye, and the DNA intercalator 7-Aminoact (7AAD). We classified cells as follows: (1) strongly MitoSense-positive (sMitoSense+) cells with intact mitochondrial activity; weakly MitoSense-positive (wMitoSense+) cells in early apoptosis; and (2) MitoSense-negative (MitoSense–) cells, not labeled by MitoSense Red but showing an intense orange fluorescence due to 7AAD. Cell population analysis was performed with the Amnis imaging flow cytometer (Merck). Histograms produced for each fluorochrome permit with bin tool to calculate the amount of the cell population according to the intensity of the fluorochromes selected. A total of 10,000 events were recorded for analysis using the IDEAS software (EMD Millipore, Burlington, MA, USA). Unfrozen spermatogonial cells, proliferated cells, and fresh cells exposed to UV light were used as control for MitoSense, DBA, and 7AAD staining, respectively.



Statistical Analysis

Differences between media with or without black maca Juvens® were tested with Kruskal–Wallis tests (p < 0.05). Likewise, comparative tests were performed to highlight significant differences between frozen sample types (fragments vs. cells) using the Mann–Whitney U test. Statistical analysis was performed with the SPSS statistical package. Tests of homogeneity (Levene's test) and normality (Shapiro–Wilk test) were also carried out.



Ethical Aspects

This study was evaluated, registered, and approved by the UPCH Institutional Ethics Committee for the Use of Animals (CODE SIDISI No. 0000066755). There is no special interest; there is no bias or particular interest in the formulation of the media, the natural supplements used, or the protocols.




RESULTS

To develop an effective alpaca SSC freezing protocol, we collected testicles from 51 animals after 24 h from death. We selected only samples scoring above a minimal threshold for the following parameters on testicular weight, round spermatogonial cell concentration and viability, and sperm viability and motility (Table 1). These samples were included in the study to optimize the freezing/thawing process of fragments and isolated SSC. Our results were highly variable, grouped according to spermatogonial cell viability with trypan blue dye: Group 1: >50%, Group 2: 30–50%, and Group 3: <30%. Mitochondrial activity status was identified in spermatogonial cells using MitoSense fluorochrome and grouped according to mitochondrial activity as Group 1M (≥30% sMitoSense+) and Group 2M (<30% sMitoSense).


Table 1. Samples characterization by parameter ranges.
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Evaluation of Cell Viability by Trypan Blue Staining After the Freeze/Thaw Process

After performing the thawing process, the viability of single round cells, derived from fragments by ED as described for isolated cells, and of isolated frozen cells was evaluated after storage at −196°C for 1–166 days and 1–148 days, respectively, by trypan blue exclusion assay. Forty-four fragment and 32 isolated spermatogonial cell samples were used (Table 2). The 37 fragment samples were classified into three groups according to the percentage of viability in MTDB, MTD, MSDB, and MSD media: Group 1, >50%; Group 2, 30–50%; and Group 3, <30%. Group 1 included samples with the highest percentage of viability. In particular, cell viability from thawed fragments belonging to Group 1 was 78.51 ± 2.91% in 60% of evaluated samples in MTDB medium (n = 23), 72.96 ± 2.80% in 60% of evaluated samples in MTD medium (n = 23), 72.32 ± 2.39% in 64% of evaluated samples in MSDB medium (n = 23), and 74.42 ± 2.46% in 60% of evaluated samples in MSD medium (n = 23, Table 2). The mean percentage of viability of fragment-derived cells did not significantly differ (p > 0.05) among the four freezing media, not even among Groups 1, 2, and 3.


Table 2. Mean Percentage of cell Viability calculated by Trypan blue exclusion assay.
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Similarly, 32 samples of isolated spermatogonial cells were thawed, and cell viability was evaluated by trypan blue staining. Group 1 included samples with the highest percentage of viability. In particular, cell viability from thawed isolated spermatogonial cells was 63.60 ± 3.35% in 28% of evaluated samples in MTDB medium (n = 9), 61.75 ± 1.57% in 37.5% of evaluated samples in MTD medium (n = 12), 60.5 ± 1.87 in 25% of evaluated samples in MSDB medium (n = 8), and 59.31 ± 1.84% in 37.5% of evaluated samples in MSD medium (n = 12). There were no significant differences in cell viability between cells frozen in different media nor among Groups 1, 2, and 3 (Table 2). However, when compared, the viability in cell derived from fragments vs. isolated cell of Group 1 did significantly differ (p < 0.05) in all media (Table 2).



Quantification of SSC and Determination of Mitochondrial Membrane Potential After Cryopreservation by FC

The percentage of SSC (sDBA+) and their mitochondrial membrane potential were analyzed in cell extracts from thawed fragments and isolated spermatogonia.

Samples were classified according to the intensity of MitoSense staining into two groups: Group 1M, ≥30% of sMitoSense+ cells (Table 3) and Group 2M, <30% of sMitoSense+ cells, for identifying the best freezing medium with good and low samples, respectively (Table 4).


Table 3. Mean percentage of spermatogonial stem cell with intact mitochondrial activity (sMitoSense+), early apoptosis (wMitoSense) and necrosis (7AAD+) in-group 1M.
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Table 4. Mean percentage of spermatogonial stem cells with intact mitochondrial membranes (sMitoSense+), undergoing, early apoptosis (wMitoSense+) and necrosis (7AAD+) in group 2M.
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Further, cells displaying strong mitochondrial activity were revealed as sMitoSense+ cells, cells undergoing early apoptosis as wMitoSense+ cells, and necrotic cells as 7AAD+ cells (Figure 1). In Group 1M, the percentage of SSC (sDBA+ cells) and sMitoSense+ for SSC derived from fragments among MTDB, MTD, MSDB, and MSD freezing media did not significantly differ (p > 0.05). On the other hand, we found statistically significant differences (p < 0.05) in sDBA+% in MSDB (2.73 ± 2.02%) and MSD (1.09 ± 0.84%) with MTDB (5.95 ± 2.62%) and MTD (5.07 ± 1.87%) freezing media in isolated cryopreserved cell and with cell derived from fragments cryopreserved in MSDB (9.67 ± 2.22%) and MSD (7.41 ± 2.37%) media (Table 3).


[image: Figure 1]
FIGURE 1. Round spermatogonial cells observed by flow cytometry with DBA (Channel 2), 7AAD (Channel 4), and MitoSense (Channel 11) fluorochromes. (A) SSC (sDBA+) with intact mitochondrial membrane (sMitoSense+). (B) Early differentiating SSC (wDBA+) with intact mitochondrial membrane (sMitoSense+). (C) Differentiated round spermatogonial cell (DBA-) in early apoptosis (wMitoSense+). (D) SSC (sDBA+) in early apoptosis (wMitoSense+). (E) Necrotic SSC (7AAD+).


In particular, the high percentage of sMitoSense+ cells among thawed isolated spermatogonia was 63.68 ± 8.90% (Figure 2, Table 3) and significantly higher than MTDB, MTD, and MSD media and with cell derived from fragments in MSDB medium (p < 0.05). There were no significant differences between apoptosis and necrosis in cells cryopreserved derived from fragments or isolated cells.


[image: Figure 2]
FIGURE 2. Histograms of samples of Group 1: > 30% sMitoSense+ (A–C) and Group 2 < 30% sMitoSense+ (D–F). (A,D) DBA histograms showing strongly DBA-positive (sDBA+) cells corresponding to SSC, weakly DBA-positive (wDBA+) cells corresponding to early differentiating SSC, and DBA-negative (DBA-) cells corresponding to differentiated round spermatogonia. (B,E) Histograms of necrotic cells (7AAD+). (C,F) Histograms of cells with intact mitochondrial membranes (sMitoSense+), weakly MitoSense-positive (wMitoSense+) cells, undergoing early apoptosis, and MitoSense-negative (MitoSense−) cells.


On the other hand, among the samples of Group 2M (<30% sMitoSense+), the percentages of sDBA+ with sMitoSense+ or wMitoSense+ derived from fragments did not significantly differ among the cryopreservation media. Conversely, the percentage of necrotic cells (7AAD+) was 27.03 ± 5.80% in sDBA+ derived from frozen fragments in MSDB medium (Table 4), significantly higher than in MTDB, MTD, and MSD media (p < 0.05).

Moreover, after thawing of the isolated spermatogonial cells, the amounts of SSC with intact mitochondrial membranes in MSDB (34.40 ± 23%) and MSD (27.7 ± 8.70%) media were significantly different from those in MTDB and MTD freezing media (p < 0.05). Finally, the comparison of the percentage of sMitoSense+ cells between fragments and isolated cells belonging to Group 2M (Table 4), frozen in MSDB (12.41 ± 5.19 and 34.40 ± 23%, respectively) or MSD medium (16.64 ± 8.13 and 27.7 ± 8.70%, respectively), showed significant differences (p < 0.05).



Cryopreservation of Isolated Spermatogonial Cells Before and After in vitro Proliferation

Other samples were analyzed by FC, to detect SSC in isolated spermatogonial cells by DBA staining as well as to evaluate mitochondrial activity in these cells. These parameters were estimated for freshly isolated spermatogonial cells, cryopreserved SSC, and cryopreserved SSC after proliferation in MSDB freezing medium. Among samples, the freshly isolated spermatogonial cells showed 7.4 ± 0.33% of SSC, a significantly higher amount than that of cryopreserved SSC (1.46 ± 0.08%; p < 0.05), but not significantly different than that of cryopreserved SSC after proliferation (6.29 ± 0.04; p > 0.05). In this case, wDBA+ cells that correspond to the SSC in early differentiation express significant differences (p < 0.05) with wDBA+ cells of freshly isolated spermatogonial and cryopreserved SSC after proliferation. Moreover, the percentages of cells displaying intact mitochondrial membranes, early apoptosis, necrosis, and DBA-negative (differentiated) cells did not show significance (Table 5).


Table 5. Mean percentage of spermatogonial stem cell before and after in vitro culture and freeze in MSDB freezing medium.
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DISCUSSION

Alpaca is an important resource for the Peruvian economy due to its high-quality meat and fiber, but its reproductive rate is low. Alpaca testes are relatively small in proportion to the body (51, 52), and high variability exists among adult animals (53). The season does not affect the testes' size but shows age-related size variation abnormalities, from 0.6 g at 6 months to 13.6 g at 36 months (54). In our case, we used the adult's testes collected all year from alpacas slaughtered at 4–6 years, and the variation of testicular weight ranged from 8 to 19.94 g, probably the testes around 8 g showed pathological conditions in alpaca. On the other hand, the male pathological condition has a high incidence in slaughtered animals at about 18.1% with an increased incidence of testicular abnormalities: hypoplasia 10.8%, cryptorchidism 3%, ectopic testes 1.9%, and cysts 14.5% (53). These pathological conditions could explain the high variation among samples (Tables 1–3) in the round spermatogonial cell and sperm concentration, low viability with trypan blue dye, and low mitochondrial activity after cryopreservation.

However, SSC isolation, molecular characterization, and cryopreservation can substantially improve the genetic conservation and reproductive fitness of these animals. In this frame, cell viability has often been evaluated by staining with trypan blue, an exclusion dye that marks only living cells (55, 56). However, this method can lead to overestimating cell viability because it cannot discriminate living cells from cells in early apoptosis. For this reason, in the present study, trypan staining was used in combination with the evaluation of mitochondrial activity by FC using the fluorochromes MitoSense and 7AAD; the first allows to determine the integrity of mitochondrial membranes while undergoing early apoptosis, and the second highlights cells necrosis. Likewise, the DBA marker was used to identify SSC.

In our assays, the highest percentage of cell viability upon trypan blue staining was observed in cells recovered from fragments of testes tissue, in medium supplemented with DMSO and sucrose or trehalose; there were statistical differences in good samples of Group 1 (Table 2) on cell derived from fragments and isolated cell.

Interestingly, freezing biopsies with DMSO results in low recovery and functionality of spermatogonia in mouse, rabbit, hamster, and monkey allotransplants or xenotransplants (39, 57), whereas in pig and human post-thawed biopsies, spermatogenesis can be completed (11, 58).

Notably, our results have demonstrated the possibility of maintaining frozen alpaca SSC for long periods (1–166 days), similar to mice (59). This opens the possibility of storing frozen alpaca samples for several years, as also observed in mice (60), if collected within 24 h from death of the alpaca.

In our work, isolated cells and testicular biopsies showed different cryopreservation efficiencies and different requirements for CPA. However, previous reports have shown variable results concerning the type of tissue being frozen. For example, Pacchiarotti et al. (61) found no differences between the efficiency of freezing between isolated cell suspensions and tissues, whereas Yango et al. (62) showed that the viability of cell suspensions was greater than that of biopsies in adults, but not in newborns, thus suggesting that age is an important factor for the selection of the right method for the cryopreservation of testicular tissue or isolated cells. In our study, only testicular samples from adult alpacas were used; therefore, the differences in post-thaw cell viability between biopsies and cell suspensions are consistent with the aforementioned studies. However, in mice, freezing of testicular tissue was more effective than freezing of cell suspensions (63). This report contrasts with our results, since we observed better mitochondrial activity in thawed isolated alpaca cells.

In our experiment with FC using MitoSense, the most prominent and significant statistical differences in the cryopreserved isolated cells occurred in the MSDB medium. In particular, the highest mitochondrial activity was observed in isolated cells in freezing medium supplemented with DMSO, sucrose, and black maca. Cells from testicular biopsies also showed good results about the conservation of mitochondrial activity when frozen in medium supplemented with DMSO, trehalose, and black maca but not significant. However, it is the way to easy conservation of testes tissue, cheaper, and without complex methods. The detected differences between frozen fragments and isolated cells may be due to the differing physical dimensions of the samples, the distribution of cryoprotectants, and the uniformity of temperature during cooling (63–65). In mice, better results have been observed when freezing whole testes (66), whereas in rats, freezing of small testicular biopsies showed better results than those obtained with fragments twice the size (67). On the other hand, the size of the testicular biopsies did not significantly affect the efficiency of cryopreservation either in pigs (58) or in prepubertal children (9, 38, 68–70). The biopsy size in our previous study was 8 × 2 × 2 mm (26); therefore, in this work, we used the same size and observed an average viability of 57.2% in samples of good quality (>50% viability), suggesting that this size is adequate for freezing of alpaca testicular biopsies. On the other hand, the size of the biopsies used for human SSC cryopreservation was not indicated. However, the freezing of testicular biopsies is recommended (71).

Interestingly, we found that media supplemented with non-permeable CPA, such as sucrose, exerted a greater cryoprotective effect on isolated cells. This sugar has previously been shown to mediate better results than trehalose when freezing bovine spermatozoa (72). In the case of pigs, it has been observed that sucrose at 280 mM allowed better vitality of cryopreserved SSC (29), which is consistent with our results for freezing of isolated alpaca SSC. On the other hand, Jung et al. (73) found that stabilization of isolated mouse spermatogonia with trehalose reduced the cytotoxicity of the cells and improved post-thaw survival. Similar results were found by Syvyk et al. (74) in isolated rat SSC. Sucrose was not used in these studies; however, the results of these studies differ from ours, since we observed that trehalose did not improve mitochondrial activity in isolated cells. This could indicate that the efficacy of CPA may be species dependent. On the other hand, previous research in tissue freezing indicates that the use of trehalose confers greater cellular vitality (75), consistently with our results, as trehalose was better than sucrose for freezing of testicular tissue.

Moreover, antioxidants can improve the cryopreservation process (13, 76, 77), and maca is considered a natural antioxidant because it can help maintain DNA integrity. In particular, some derivatives of maca can protect cells against oxidative stress (31, 33), due to the presence of phytochemicals capable of scavenging free radicals, and thus can help fight chronic inflammation (33). In the current study, we observed that the presence of black maca helps alpaca isolated SSC to retain efficient mitochondrial activity, suggesting the presence of maca metabolites with antioxidant properties that protect the mitochondria as observed in isolated cell of good (>30% sMitoSense+) and regular (<30% sMitoSense+) quality of samples (Tables 3, 4). In addition to the antioxidant activity of maca, high concentrations of sucrose may play a key role in cryoprotection (45, 47, 49), since, as previously stated, the presence of sucrose as a cryoprotectant improves post-thaw cell viability (MSDB medium). Therefore, antioxidants and cryoprotectant components of maca can be useful for cryopreservation; this phenomenon could be explained by the fact that maca belongs to the Brassicaceae family, which easily adapts to heat and hydric stress conditions at the heights of the Andes (78). The phytochemicals of maca allow its survival in the difficult conditions of its habitat, and this could explain their protective effect in cryopreservation.

In the present study, DBA staining, together with the FlowCellect MitoPotential Red kit, allowed to identify intact mitochondrial membrane activity (sMitoSense+), early apoptosis (wMitoSense+), and necrosis (7AAD+) in SSC. This analysis, carried out by FC, makes it possible to better recognize the events and damages generated by the cryopreservation process and the degree of effective conservation through this process, compensating the insufficient indications provided by trypan blue staining alone.

In conclusion, our study showed that the supplementation of natural atomized black maca in the cryopreservation medium improves survival and preserves intact mitochondrial membrane activity in alpaca SSC. Furthermore, another CPA, trehalose, was found to be a better cryoprotectant for testicular fragments, whereas sucrose would be more effective for cryopreserving isolated SSC. We conclude that it is possible to cryopreserve alpaca SSC collected after 24 h from death in the form of biopsies or isolated cells in the presence of DMSO and natural supplement of black maca in the freezing media for cryopreserved good and regular quality samples. Furthermore, we recommend the use of these MSDB media for the cryopreservation of isolated SSC after in vitro proliferation.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The animal study was reviewed and approved by Comité Institucional de ética para el uso de animales CIEA, Universidad Peruana Cayetano Heredia Codigo SIDISI N° 0000066755.



AUTHOR CONTRIBUTIONS

MV did cryopreservation protocols for isolated and testis tissue and analysis by CF. JR has done SSC in vitro proliferation. ZB did statistical analyses and discussion. GG, MV, and JR did the analysis of the results. All authors contributed to the article and approved the submitted version.



FUNDING

This study was supported by grants PIBA15A106 and B17100101 of the Universidad Nacional Mayor de San Marcos.



ACKNOWLEDGMENTS

This article includes results of Martha Valdivia Doctoral Thesis of Sciences with mention of Physiology, Universidad Peruana Cayetano Heredia. MV thanks Dr. Alexei Santiani for the use of CF (National Council of Science Technology and Innovation No. 313-2011-CONCYTEC-OAJ).



REFERENCES

 1. Tagelenbosch RA, de Rooij DG. A quantitative study of spermatogonial multiplication and stem cell renewal in the C3H/101 F1 hybrid mouse. Mutat Res Fund Mol Mech Mutag. (1993) 290:193–200. doi: 10.1016/0027-5107(93)90159-D

 2. Vansandt LM, Livesay JL, Dickson MJ, Li L, Pukazhenthi BS, Keefer CL. Conservation of spermatogonial stem cell marker expression in undifferentiated felid spermatogonia. Theriogenology. (2016) 86:1022–35. e3. doi: 10.1016/j.theriogenology.2016.03.031

 3. Ryu BY, Orwig KE, Oatley JM, Avarbock MR, Brinster RL. Effects of aging and niche microenvironment on spermatogonial stem cell self-renewal. Stem Cells. (2006) 24:1505–11. doi: 10.1634/stemcells.2005-0580

 4. González R, Tang L, Dobrinski I. Application of Spermatogonial Transplantation in Agricultural Animals. The Biology of Mammalian Spermatogonia. Springer. (2017). p. 343–77. doi: 10.1007/978-1-4939-7505-1_14

 5. Kanatsu-Shinohara M, Takehashi M, Takashima S, Lee J, Morimoto H, Chuma S, et al. Homing of mouse spermatogonial stem cells to germline niche depends on β1-integrin. Cell Stem Cell. (2008) 3:533–42. doi: 10.1016/j.stem.2008.08.002

 6. Singh SR, Burnicka-Turek O, Chauhan C, Hou SX. Spermatogonial stem cells, infertility and testicular cancer. J Cell Mol Med. (2011) 15:468–83. doi: 10.1111/j.1582-4934.2010.01242.x

 7. Phillips BT, Gassei K, Orwig KE. Spermatogonial stem cell regulation and spermatogenesis. Philosoph Trans R Soc B Biol Sci. (2010) 365:1663–78. doi: 10.1098/rstb.2010.0026

 8. De Rooij DG, Griswold MD. Questions about spermatogonia posed and answered since (2000). J Androl. (2012) 33:1085–95. doi: 10.2164/jandrol.112.016832

 9. Curaba M, Poels J, Van Langendonckt A, Donnez J, Wyns C. Can prepubertal human testicular tissue be cryopreserved by vitrification? Fertil Steril. (2011) 95:2123. e9-e12. doi: 10.1016/j.fertnstert.2011.01.014

 10. Yokonishi T, Sato T, Komeya M, Katagiri K, Kubota Y, Nakabayashi K, et al. Offspring production with sperm grown in vitro from cryopreserved testis tissues. Nat Commun. (2014) 5:1–6. doi: 10.1038/ncomms5320

 11. Baert Y, Braye A, Struijk RB, van Pelt AM, Goossens E. Cryopreservation of testicular tissue before long-term testicular cell culture does not alter in vitro cell dynamics. Fertil Steril. (2015) 104:1244–52. e4. doi: 10.1016/j.fertnstert.2015.07.1134

 12. Baukloh V. Retrospective multicentre study on mechanical and enzymatic preparation of fresh and cryopreserved testicular biopsies. Hum Reprod. (2002) 17:1788–94. doi: 10.1093/humrep/17.7.1788

 13. Aliakbari F, Gilani MAS, Amidi F, Baazm M, Korouji M, Izadyar F, et al. Improving the efficacy of cryopreservation of spermatogonia stem cells by antioxidant supplements. Cell Reprogramm. (2016) 18:87–95. doi: 10.1089/cell.2015.0067

 14. Takashima S, Shinohara T. Culture and transplantation of spermatogonial stem cells. Stem Cell Res. (2018) 29:46–55. doi: 10.1016/j.scr.2018.03.006

 15. Lee Y-A, Kim Y-H, Ha S-J, Kim B-J, Kim K-J, Jung M-S, et al. Effect of sugar molecules on the cryopreservation of mouse spermatogonial stem cells. Fertility and sterility. (2014) 101:1165–75. e5. doi: 10.1016/j.fertnstert.2013.12.033

 16. Kim K-J, Lee Y-A, Kim B-J, Kim Y-H, Kim B-G, Kang H-G, et al. Cryopreservation of putative pre-pubertal bovine spermatogonial stem cells by slow freezing. Cryobiology. (2015) 70:175–83. doi: 10.1016/j.cryobiol.2015.02.007

 17. Lee W-Y, Lee K-H, Heo Y-T, Kim N-H, Kim J-H, Kim J-H, et al. Transcriptional coactivator undifferentiated embryonic cell transcription factor 1 expressed in spermatogonial stem cells: a putative marker of boar spermatogonia. Anim Reprod Sci. (2014) 150:115–24. doi: 10.1016/j.anireprosci.2014.09.010

 18. Valdivia M, Castañeda-Zegarra S, Lévano G, Lazo J, Reyes J, Bravo Z, et al. Spermatogonial stem cells identified by molecular expression of PLZF, integrin β1 and reactivity to Dolichos biflorus agglutinin in alpaca adult testes. Andrologia. (2019) 51:e13283. doi: 10.1111/and.13283

 19. Kim S-M, Fujihara M, Sahare M, Minami N, Yamada M, Imai H. Effects of extracellular matrices and lectin Dolichos biflorus agglutinin on cell adhesion and self-renewal of bovine gonocytes cultured in vitro. Reprod Fertil Dev. (2014) 26:268–81. doi: 10.1071/RD12214

 20. La Manna V, La Terza A, Ghezzi S, Saravanaperumal S, Apaza N, Huanca T, et al. Analysis of genetic distance between Peruvian Alpaca (Vicugna Pacos) showing two distinct fleece phenotypes, Suri and Huacaya, by means of microsatellite markers. Ital J Anim Sci. (2011) 10:e60. doi: 10.4081/ijas.2011.e60

 21. Renieri C, Valbonesi A, La Manna V, Antonini M, Asparrin M. Inheritance of Suri and Huacaya type of fleece in Alpaca. Ital J Anim Sci. (2009) 8:83–91. doi: 10.4081/ijas.2009.83

 22. Elzawam AZ. Establishment of Spermatogenesis Following Testicular Tissue Ectopic Xenografting in Alpaca. Pullman, WA: Whashington state university (2013). Available online at: https://research.wsulibs.wsu.edu/xmlui/bitstream/handle/2376/4743/Elzawam_wsu_0251E_10700.pdf?sequence=1

 23. Abraham MC. Reproductive Biotechnologies in Swedish Male Alpacas. Uppsala: Swedish University of Agricultural Sciences (2016). Available online at: https://pub.epsilon.slu.se/13255/

 24. Santiani A, Huanca W, Sapana R, Huanca T, Sepúlveda N, Sánchez R. Effects on the quality of frozen-thawed alpaca (Lama pacos) semen using two different cryoprotectants and extenders. Asian J Androl. (2005) 7:303–9. doi: 10.1111/j.1745-7262.2005.00021.x

 25. Mamani-Mango G, Moina Gonzales M, Ramos Hidalgo M, Mendoza Mallma J, Ruiz Bejar J, Rivas Palma V, et al. Effect of extender and freezing rate on quality parameters and in vitro fertilization capacity of alpaca spermatozoa recovered from cauda epididymis. Biopreservation Biobank. (2019) 17:39–45. doi: 10.1089/bio.2018.0021

 26. Valdivia M, Reyes J, Bravo Z, Cancho C, Castañeda S, Limaymanta O, et al. In vitro culture of spermatogonial stem cells isolated from adult alpaca (Vicugna pacos) testes analysed with Dolichos biflorus by flow cytometry. Andrologia. (2019) 51:e13269. doi: 10.1111/and.13269

 27. Savvulidi F, Ptacek M, Vargova KS, Stadnik L. Manipulation of spermatogonial stem cells in livestock species. J Anim Sci Biotechnol. (2019) 10:46. doi: 10.1186/s40104-019-0355-4

 28. Zarandi NP, Galdon G, Kogan S, Atala A, Sadri-Ardekani H. Cryostorage of immature and mature human testis tissue to preserve spermatogonial stem cells (SSCs): a systematic review of current experiences toward clinical applications. Stem Cells Cloning. (2018) 11:23. doi: 10.2147/SCCAA.S137873

 29. PAN C-Y, Shuai Y, Zhang P-F, Bo W, Zhu Z-D, Liu Y-Y, et al. Effect of sucrose on cryopreservation of pig spermatogonial stem cells. J Integr Agricult. (2017) 16:1120–9. doi: 10.1016/S2095-3119(16)61489-2

 30. Valdivia M. Efecto de la Suplementación de Maca Roja o Negra Atomizada Comercial Combinada con un Potencial Crioprotector Para Células Madre Espermatogoniales (SSC) de alpaca Vicugna Pacos Tanto en SSC Aisladas Como En Fragmentos Testiculares. Lima: Universidad Peruana Cayetano Heredia (2019). Available online at: http://190.116.48.43/handle/upch/7307

 31. Valdivia M, Yarasca De La Vega K, Levano Sanchez G, Vasquez Cavero J, Temoche Garcia H, Torres Torres L, et al. Effect of Lepidium meyenii (maca) on testicular function of mice with chemically and physically induced subfertility. Andrologia. (2016) 48:927–34. doi: 10.1111/and.12682

 32. Gonzales C, Rubio J, Gasco M, Nieto J, Yucra S, Gonzales GF. Effect of short-term and long-term treatments with three ecotypes of Lepidium meyenii (MACA) on spermatogenesis in rats. J Ethnopharm. (2006) 103:448–54. doi: 10.1016/j.jep.2005.08.035

 33. Sandoval M, Okuhama NN, Angeles FM, Melchor VV, Condezo LA, Lao J, et al. Antioxidant activity of the cruciferous vegetable Maca (Lepidium meyenii). Food Chem. (2002) 79:207–13. doi: 10.1016/S0308-8146(02)00133-4

 34. Lee K-J, Dabrowski K, Sandoval M, Miller MJ. Activity-guided fractionation of phytochemicals of maca meal, their antioxidant activities and effects on growth, feed utilization, and survival in rainbow trout (Oncorhynchus mykiss) juveniles. Aquaculture. (2005) 244:293–301. doi: 10.1016/j.aquaculture.2004.12.006

 35. Gonzales-Castañeda C, Rivera V, Chirinos AL, Evelson P, Gonzales GF. Photoprotection against the UVB-induced oxidative stress and epidermal damage in mice using leaves of three different varieties of Lepidium meyenii (maca). Int J Dermatol. (2011) 50:928–38. doi: 10.1111/j.1365-4632.2010.04793.x

 36. Brook PF, Radford JA, Shalet SM, Joyce AD, Gosden RG. Isolation of germ cells from human testicular tissue for low temperature storage and autotransplantation. Fertil Steril. (2001) 75:269–74. doi: 10.1016/S0015-0282(00)01721-0

 37. Gosden R, Nagano M. Preservation of fertility in nature and ART. Reprod Cambridge-. (2002) 123:3–11. doi: 10.1530/reprod/123.1.3

 38. Keros V, Hultenby K, Borgström B, Fridström M, Jahnukainen K, Hovatta O. Methods of cryopreservation of testicular tissue with viable spermatogonia in pre-pubertal boys undergoing gonadotoxic cancer treatment. Hum Reprod. (2007) 22:1384–95. doi: 10.1093/humrep/del508

 39. Shinohara T, Inoue K, Ogonuki N, Kanatsu-Shinohara M, Miki H, Nakata K, et al. Birth of offspring following transplantation of cryopreserved immature testicular pieces and in-vitro microinsemination. Human reproduction. (2002) 17:3039–45. doi: 10.1093/humrep/17.12.3039

 40. Gies I, Oates R, De Schepper J, Tournaye H. Testicular biopsy and cryopreservation for fertility preservation of prepubertal boys with Klinefelter syndrome: a pro/con debate. Fert Ster. (2016) 105:249–55. doi: 10.1016/j.fertnstert.2015.12.011

 41. Gonzales GF, Cordova A, Vega K, Chung A, Villena A, Góñez C. Effect of Lepidium meyenii (Maca), a root with aphrodisiac and fertility-enhancing properties, on serum reproductive hormone levels in adult healthy men. J Endocrinol. (2003) 176:163–8. doi: 10.1677/joe.0.1760163

 42. Gonzales GF, Villaorduña L, Gasco M, Rubio J, Gonzales C. Maca (Lepidium meyenii Walp), una revisión sobre sus propiedades biológicas. Rev Per Med Exp Y Salud Pública. (2014) 31:100–10. doi: 10.17843/rpmesp.2014.311.15

 43. Zheng BL, He K, Kim CH, Rogers L, Shao Y, Huang ZY, et al. Effect of a lipidic extract from lepidium meyenii on sexual behavior in mice and rats. Urology. (2000) 55:598–602. doi: 10.1016/S0090-4295(99)00549-X

 44. Zenico T, Cicero AF, Valmorri L, Mercuriali M, Bercovich E. Subjective effects of Lepidium meyenii (Maca) extract on well-being and sexual performances in patients with mild erectile dysfunction: a randomised, double-blind clinical trial. Andrologia. (2009) 41:95–9. doi: 10.1111/j.1439-0272.2008.00892.x

 45. Zha S, Zhao Q, Chen J, Wang L, Zhang G, Zhang H, et al. Extraction, purification and antioxidant activities of the polysaccharides from maca (Lepidium meyenii). Carbohydrate polymers. (2014) 111:584–7. doi: 10.1016/j.carbpol.2014.05.017

 46. Rubio J, Riqueros MI, Gasco M, Yucra S, Miranda S, Gonzales GF. Lepidium meyenii (Maca) reversed the lead acetate induced—Damage on reproductive function in male rats. Food Chem Toxicol. (2006) 44:1114–22. doi: 10.1016/j.fct.2006.01.007

 47. Zhao J, Avula B, Chan M, Clément C, Kreuzer M, Khan IA. Metabolomic differentiation of maca (Lepidium meyenii) accessions cultivated under different conditions using NMR and chemometric analysis. Planta Med Nat Products Med Res. (2012) 78:90. doi: 10.1055/s-0031-1280117

 48. Organization WH. WHO Laboratory Manual for the Examination and Processing of Human Semen. Geneva (2010).

 49. Gonzales-Arimborgo C, Yupanqui I, Montero E, Alarcón-Yaquetto DE, Zevallos-Concha A, Caballero L, et al. Acceptability, safety, and efficacy of oral administration of extracts of black or red maca (Lepidium meyenii) in adult human subjects: a randomized, double-blind, placebo-controlled study. Pharmaceuticals. (2016) 9:49. doi: 10.3390/ph9030049

 50. Izadyar F, Spierenberg G, Creemers L, Ouden Kd, De Rooij D. Isolation and purification of type A spermatogonia from the bovine testis. Reprod Cambridge. (2002) 124:85–94. doi: 10.1530/rep.0.1240085

 51. Fowler ME. Medicine and Surgery of South American Camelids: Llama, Alpaca, Vicuna, Guanaco. Ames, IA: Iowa State University Press (1998).

 52. Tibary A, Anouassi A. Male Breeding Soundness Examination. Theriogenology in Camelidae: Anatomy, Physiology, BSE, Pathology and artificial breeding, Actes Editions, Institut Agronomique et Vétérinaire Hassan II. (1997). p. 79–111.

 53. Sumar J. Studies on reproductive pathology in alpacas. (1983).

 54. Tibary A, Vaughan J. Reproductive physiology and infertility in male South American camelids: a review and clinical observations. Small Rum Res. (2006) 61:283–98. doi: 10.1016/j.smallrumres.2005.07.018

 55. Sato K. On the real nature of vital staining. Folia Anatomica Jap. (1930) 8:51–61. doi: 10.2535/ofaj1922.8.1_51

 56. Altman SA, Randers L, Rao G. Comparison of trypan blue dye exclusion and fluorometric assays for mammalian cell viability determinations. Biotechnol Progress. (1993) 9:671–4. doi: 10.1021/bp00024a017

 57. Schlatt S, Kim SS, Gosden R. Spermatogenesis and steroidogenesis in mouse, hamster and monkey testicular tissue after cryopreservation and heterotopic grafting to castrated hosts. Reprod Cambridge. (2002) 124:339–46. doi: 10.1530/reprod/124.3.339

 58. Abrishami M, Anzar M, Yang Y, Honaramooz A. Cryopreservation of immature porcine testis tissue to maintain its developmental potential after xenografting into recipient mice. Theriogenology. (2010) 73:86–96. doi: 10.1016/j.theriogenology.2009.08.004

 59. Avarbock MR, Brinster CJ, Brinster RL. Reconstitution of spermatogenesis from frozen spermatogonial stem cells. Nat Med. (1996) 2:693–6. doi: 10.1038/nm0696-693

 60. Wu X, Goodyear SM, Abramowitz LK, Bartolomei MS, Tobias JW, Avarbock MR, et al. Fertile offspring derived from mouse spermatogonial stem cells cryopreserved for more than 14 years. Hum Reprod. (2012) 27:1249–59. doi: 10.1093/humrep/des077

 61. Pacchiarotti J, Ramos T, Howerton K, Greilach S, Zaragoza K, Olmstead M, et al. Developing a clinical-grade cryopreservation protocol for human testicular tissue and cells. BioMed Res Int. (2013) 2013:1–10. doi: 10.1155/2013/930962

 62. Yango P, Altman E, Smith JF, Klatsky PC, Tran ND. Optimizing cryopreservation of human spermatogonial stem cells: comparing the effectiveness of testicular tissue and single cell suspension cryopreservation. Fert Ster. (2014) 102:1491–8. e1. doi: 10.1016/j.fertnstert.2014.07.1250

 63. Onofre J, Baert Y, Faes K, Goossens E. Cryopreservation of testicular tissue or testicular cell suspensions: a pivotal step in fertility preservation. Hum Reprod Update. (2016) 22:744–61. doi: 10.1093/humupd/dmw029

 64. Karlsson JO, Toner M. Long-term storage of tissues by cryopreservation: critical issues. Biomaterials. (1996) 17:243–56. doi: 10.1016/0142-9612(96)85562-1

 65. Yavin S, Arav A. Measurement of essential physical properties of vitrification solutions. Theriogenology. (2007) 67:81–9. doi: 10.1016/j.theriogenology.2006.09.029

 66. Gouk SS, Loh YFJ, Kumar SD, Watson PF, Kuleshova LL. Cryopreservation of mouse testicular tissue: prospect for harvesting spermatogonial stem cells for fertility preservation. Fert Steril. (2011) 95:2399–403. doi: 10.1016/j.fertnstert.2011.03.035

 67. Travers A, Milazzo J, Perdrix A, Metton C, Bironneau A, Mace B, et al. Assessment of freezing procedures for rat immature testicular tissue. Theriogenology. (2011) 76:981–90. doi: 10.1016/j.theriogenology.2011.04.025

 68. Wyns C, Curaba M, Vanabelle B, Van Langendonckt A, Donnez J. Options for fertility preservation in prepubertal boys. Hum Reprod Update. (2010) 16:312–28. doi: 10.1093/humupd/dmp054

 69. Poels J, Van Langendonckt A, Many M-C, Wese F-X, Wyns C. Vitrification preserves proliferation capacity in human spermatogonia. Hum Reprod. (2013) 28:578–89. doi: 10.1093/humrep/des455

 70. Picton HM, Wyns C, Anderson RA, Goossens E, Jahnukainen K, Kliesch S, et al. A European perspective on testicular tissue cryopreservation for fertility preservation in prepubertal and adolescent boys. Hum Reprod. (2015) 30:2463–75. doi: 10.1093/humrep/dev190

 71. Moraveji SF, Esfandiari F, Sharbatoghli M, Taleahmad S, Nikeghbalian S, Shahverdi A, et al. Optimizing methods for human testicular tissue cryopreservation and spermatogonial stem cell isolation. J Cell Biochem. (2019) 120:613–21. doi: 10.1002/jcb.27419

 72. Woelders H, Matthijs A, Engel B. Effects of trehalose and sucrose, osmolality of the freezing medium, and cooling rate on viability and intactness of bull sperm after freezing and thawing. Cryobiology. (1997) 35:93–105. doi: 10.1006/cryo.1997.2028

 73. Jung S-E, Kim M, Ahn JS, Kim Y-H, Kim B-J, Yun M-H, et al. Effect of equilibration time and temperature on murine spermatogonial stem cell cryopreservation. Biopreserv Biobank. (2020) doi: 10.1089/bio.2019.0116

 74. Syvyk T, Djachenko L, Syvyk A. Optimization of freezing conditions for cryopreservation of rat spermatogonial stem cell. J Microb Biotech Food Sci. (2020) 9:947–50. doi: 10.15414/jmbfs.2018-19.8.3.947-950

 75. Lee W-Y, Park H-J, Lee R, Lee K-H, Kim Y-H, Ryu B-Y, et al. Establishment and in vitro culture of porcine spermatogonial germ cells in low temperature culture conditions. Stem Cell Res. (2013) 11:1234–49. doi: 10.1016/j.scr.2013.08.008

 76. Aliakbari F, Sedighi Gilani MA, Yazdekhasti H, Koruji M, Asgari HR, Baazm M, et al. Effects of antioxidants, catalase and α-tocopherol on cell viability and oxidative stress variables in frozen-thawed mice spermatogonial stem cells. Artif Cells Nanomed Biotech. (2017) 45:63–8. doi: 10.3109/21691401.2016.1138491

 77. Amidi F, Rashidi Z, Khosravizadeh Z, Khodamoradi K, Talebi A, Navid S, et al. Antioxidant effects of quercetin in freeze-thawing process of mouse spermatogonial stem cells. Asian Pacific J Reprod. (2019) 8:7. doi: 10.4103/2305-0500.250417

 78. Zhang J, Tian Y, Yan L, Zhang G, Wang X, Zeng Y, et al. Genome of plant maca (Lepidium meyenii) illuminates genomic basis for high-altitude adaptation in the central Andes. Mol Plant. (2016) 9:1066–77. doi: 10.1016/j.molp.2016.04.016

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Valdivia, Bravo, Reyes and Gonzales. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fvets-08-597964-t003.jpg
Group 1M: =30% (sMitoSense+)

TESTICULAR FRAGMENT (n = 8)

sDBA+
WDBA+
DBA-
sMitoSense+
wMitoSense+
7AAD+
ISOLATED SPERMATOGONIAL (n = 8)
SDBA+
wDBA+
DBA-
sMitoSense+
wMitoSense+
7TAAD+

abpifferent letters show statistical differences.

MTDB

843337
70.3 + 6.48°
11.15+5.38%
57.20 £ 9.57%
23.7 £ 6.25%
1115+ 538%

5.95 £2.62*
34.50 + 7.57°
53.97 +9.95%
46.90 £ 2.73%
25.68 + 4.88%
6.71 £2.29*

MTD

1352+ 1.27%
68.73 +£2.32°
15.40 + 8.65°
34.07 £ 12.20°
29.67 + 19.07°
15.40 % 8.65°

5.07 +1.87%
40.92 + 6.20*
47.42 +3.28°
4358 + 2.95%
31.66 + 4.28*
8102412

X £ S.E(%)

MSDB

9.67 £2.22°

71.98 % 1.60°
15.92 £4.15%
48.53 £ 10.46*
20.65 + 5.412
16.00 £ 4.15%

2.73+2.02°

39.05  13.56%
51.45 £ 13.80°
63.68  8.90°
32.46 + 12,05
5.18:+£2.18"

MSD

7.41£237°
67.58 & 2.88°
1429 £9.78%
41,96 + 12.92*
34.18 + 5.88*
14.29 £ 9.78%

1.00 £ 0.84°
4117 £6.94°
52.02 % 6.07*

53.00 & 11.65°
3323+ 557
10.03 £ 3.70°





OPS/images/fvets-08-597964-t004.jpg
Group 2M: < 30% (sMitosense-+)

TESTICULAR FRAGMENT (n = 8)

sDBA+
WDBA+
DBA-
sMitoSense+
wMitoSense+
TAAD+
ISOLATED SPERMATOGONIAL (1 = 8)
SDBA+
wDBA+

DBA-
sMitoSense+
wMitoSense+
7TAAD+

abpifferent letters show statistical differences.

MTDB

296 £2.54%
54.87 & 16.43"
39.69 £ 17.72°
16.60 + 11.272
57.85 % 14.28%
19.76 + 7.456%

21.9+ 11.40°
43.18 £ 32.022
28.7 +17.90°
2.05+1.512
66.1 +£16.8%
23.04 £ 13.36°

MTD

2.68+268
48,65 + 22,112
47.45 £ 24.20°
20.92 + 12.42%
589 £ 12.26*
18.62 + 4.36*

6868
29.62 +20.49°
61.1 +28.30°
9.6 £ 5.90*
52.2 4 6.40°
24.06 + 12.56°

X% EE

MSDB

2.96 £2.55%
57.6 £19.33°
38.4 +19.76*
1241 £5.19°
5723 £6.73%
27.03 +5.80°

336 +1.52°
53.00 + 10.60*
8915 £7.150

34.40 £ 23°
39.45 + 16.95%
1451 £9.29%

MSD

268 £ 269"
65.8 + 18,15
25.80 + 20.05*
16.64 + 8.13%
50.90 & 14.77%
13.78 £ 0.03*

5514 1.69°
66.75 £ 12.25*
23.9+9.90°
27.7 £8.70°
43.80 £ 0.10*
16.65 + 11.35%





OPS/images/fvets-08-597964-t001.jpg
Number of samples (n)

Testicular weight (g)

Round spermatogonial cell concentration (milions)
Round spermatogonial viabilty (%)

Sperm concentration/epididyme (millions/m)
Sperm viabilty (%)

Range

55
8-19.94
20-1715
80-97.4
9-1,029
30-93.9





OPS/images/fvets-08-597964-t002.jpg
MTDB

Fragments (37)

Group 1: > 50% 7851 +£2.91 (231
Group 2: 30-50% 40.90 + 2.13 (09)*
Group 3: < 30% 19.20 4.6 (05) *
Isolated cells (32)

Group 1: > 50% 63.60 + 3.35 (09
Group 2: 30-50% 3065 + 1.52 (1)
Group 3: < 30% 20,83 +2.12 (12

MTD

72.96 + 2.80 (29
38,55 + 2.33 (09"
17.08 £ 6.72 (05)°

61.75 £ 1.57 (12
36.42 +1.67 (1)
2033 + 2.28(09)"

% £ SE (n)

MSDB

7232 +2.39 (23
4170  1.55 (09
19.14 £4.45 (05

6051+ 1.87(8)
40.59+ 1.63 (15)°
1279 £2.68 (09)°

MSD

7442 + 2.46 (29
44.71 +1.28 (09
19.20 4.6 (05)°

50.31 +1.84 (12
39,62+ 1.93 (1)
19.92 & 2.08 (09)°

abpifferent letters show statistical differences.





OPS/images/fvets-08-597964-t005.jpg
Samples
Fresh in vitro culture 15
Cryopreserved before in vitro culture 15
Cryopreserved after in vitro culture 15

abDifferent letters show statistical differences.

sDBA+

6.4+03"
15+0.1°
6.30 +£ 0.4

WDBA+

214 +£1.9*
54£0.1°
11.1£26°

X+ SE

DBA- sMitoSense
69.3£2.9* 81.3+£22*
87.6+2.12 708 +29°
759+28 771+£28

wMitoSense

8.3+ 3.0*
14013
8107

7AAD+

80+0.7%
1334322
80+20*





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Rescue and Conservation of Male Adult Alpacas (Vicugna pacos) Based on Spermatogonial Stem Cell Biotechnology Using Atomized Black Maca as a Supplement of Cryopreservation Medium



		Introduction



		Materials and Methods



		Animals



		Samples



		Recovery of Testicular Tissue Fragments and Cryopreservation (Protocol LFR-UNMSM-2)



		Isolation of SSC



		Cryopreservation of Isolated Spermatogonial Cells (Protocol LFR-UNMSM-3)



		In vitro Culture of Isolated Spermatogonial Cells



		Quantification of SSC and Cells Displaying Normal Mitochondrial Membrane Potential After Cryopreservation by FC



		Statistical Analysis



		Ethical Aspects







		Results



		Evaluation of Cell Viability by Trypan Blue Staining After the Freeze/Thaw Process



		Quantification of SSC and Determination of Mitochondrial Membrane Potential After Cryopreservation by FC



		Cryopreservation of Isolated Spermatogonial Cells Before and After in vitro Proliferation







		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		References

















OPS/images/cover.jpg
’ frontiers .
in Veterinary Science

Rescue and Conservation of Male
Adult Alpacas (Vicugna pacos)
Based on Spermatogonial Stem

Cell Biotechnology Using Atomized
Black Maca as a Supplement of
Cryopreservation Medium





OPS/images/fvets-08-597964-g001.gif
Cho1






OPS/images/fvets-08-597964-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Veterinary Science





