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Due to the concentrated nature and small volume of spermic milt that is typically produced from internally-fertilizing salamanders, an extender is needed to analyze the sperm for quality and quantity metrics. Techniques for diluting salamander sperm for analysis have thus far utilized low osmolality media, which are likely physiologically distinct from the salamander female reproductive tract. Application of mammalian sperm extenders could maintain salamander sperm motility and morphology in storage longer due to the similar nature of internal fertilization in both taxa. Several sperm extenders were tested including: Multipurpose Handling Medium, Sperm Washing Medium, Modified Ham’s F-10 Basal Medium (HAM’s), Refrigeration Medium, and 10% Holtfreter’s solution as a control. The experimental treatments were divided into two groups: diluted (90 mOsm, the approximate osmolality of salamander sperm) and undiluted (280-320 mOsm). Milt samples were collected from male tiger salamanders (N=11) and diluted 1:50 with each of the treatments and measured for sperm progressive motility, total motility, and normal morphology every 10 minutes for one hour. When comparing the diluted versus undiluted treatments of the same extender, there was no difference (p>0.05) for any of the response variables. In addition, we found that 10% Holtfreter’s solution is best for maintaining progressive motility, while diluted HAM’s is best for retaining total motility and normal morphology over time. Overall, we found that osmolality is not a key driver influencing tiger salamander sperm motility, but rather other factors such as ionic composition or pH could be affecting sperm form and function.
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1 Introduction

In the order Caudata, 109 species of aquatic salamander belonging to the families Cryptobranchidae, Hynobiidae, and Sirenidae exhibit external fertilization, whereas the remaining seven families (704 species) exhibit internal fertilization (Sever, 1991; Kahrl et al., 2022; AmphibiaWeb, 2023). The difference between the two modes of fertilization can be observed in several evolutionary adaptations unique to spermatozoa from salamander and newt families. As opposed to releasing free-swimming sperm into an aquatic environment directly on eggs, principally seen in anurans and a limited number of caudates, most male salamanders deposit one or more spermatophores (Sever, 2000). These spermatophores are gelatinous protein capsules containing a mass of sperm, which are typically deposited in small, shallow waterbodies such as vernal pools, ephemeral wetlands, streams, springs, or seeps. Most females utilize a strong sense of smell and pheromone recognition to locate mates and will subsequently accept or decline the spermatophores based on the success of the males’ courtship behaviors (Houck et al., 2007). Once the female accepts the spermatophore into her cloaca, it is kept in a structure called the spermatheca for short to long-term storage until ovulation, after which the eggs are fertilized by the sperm as they pass through the reproductive tract for oviposition (Adams et al., 2005). Research has indicated that the salamander spermatheca contains glycoproteins as well as zinc that assists sperm in the storage process like in some mammal species (Sever, 2002). As opposed to external fertilizers, internally-fertilizing species have evolved sperm cells that can be kept for long periods within the female reproductive tract where signal transduction is thought to control sperm movement and the buildup of reactive oxygen species (Holt & Fazeli, 2016). These differences in reproductive modes influence the reproductive physiology of species as well as the approaches to implementing assisted reproductive technologies (ART) (Comizzoli et al., 2012).

For aquatic breeding and externally-fertilizing anurans, the development and application of ART, such as exogenous hormone treatment for gamete collection and in-vitro fertilization (IVF), is fairly straightforward. Sperm evaluation and fertilization do not require any complicated media formulation, as the process occurs in a simple aqueous environment, similar to their natural reproductive niche (McDiarmid, 1994). Moreover, anuran sperm is typically expressed in their urine, which lowers osmolality to around 40 mOsm (Arregui et al., 2021), thereby activating forward motility (Mansour et al., 2010). The expression of anuran sperm into urine typically results in lower concentrations and higher volumes that favor a low osmolality (<100 mOsm) fertilization environment (Arregui et al., 2021). In comparison, hormonally induced internally-fertilizing salamanders produce both spermic urine and small volumes of milt (Chen et al., 2022; Chen et al., 2023), that more closely resembles the appearance of fish milt or semen in mammalian species. Furthermore, salamander sperm motility may not be activated by lowering the osmolality and can be difficult to observe as the sperm velocity can be low and the spermatozoa tend to spin in circles with little to no forward motion (Gillis et al., 2021). Thus, evaluating salamander sperm requires an extender for measuring quality (e.g., motility) and quantity metrics.

Techniques for diluting salamander sperm in preparation for evaluation, cryopreservation, and IVF have so far utilized low osmolality extenders such as Holtfreter’s solution (Peng et al., 2011; Hayashi et al., 2013; Marcec, 2016). While this approach may be appropriate for externally-fertilizing amphibians whose sperm is activated by a drop in osmolality (Mansour et al., 2010), the internal fertilization environment of the salamander female reproductive tract is biochemically complex and osmotically distinct from an aquatic environment (Hardy and Dent, 1986). For example, research suggests that the female newt spermatheca has a high osmolality similar to that of the male vas deferens where sperm is stored, and sperm cells have a higher and more persistent motility over time when placed in high osmolality solutions (Hardy and Dent, 1986). Hence, the application of sperm extenders with higher osmolality, such as those used for mammal sperm and other internal fertilizers, may preserve salamander sperm motility and morphology over time. The high osmolality environment of the mammalian oviduct, referred to as the ‘holding pen’ for spermatozoa before fertilization (Holt, 2011), and the presumed high osmolality of the female salamander spermatheca point to possible similarities between the reproductive physiology of these two taxa. Furthermore, higher osmolality extenders with additives such as antioxidants would likely benefit the development of salamander ART by maintaining higher sperm quality in preparation for freezing or use in IVF as has been observed for mammalian sperm (Anastas et al., 2023).

Similar to salamander sperm, mammalian sperm is typically produced in high concentrations sometimes requiring the use of extenders to dilute the sample for evaluation, cryopreservation, and subsequent assisted breeding purposes. Mammalian semen extenders typically have a higher osmolality (300-400 mOsm/kg), so as to prevent osmotic shock and swelling of sperm cells (Saragusty et al., 2009). Several commercially available media have been developed for the evaluation, storage, and manipulation of mammalian gametes that may have applications for use in extending salamander sperm (typically ~90 mOsm/kg), including Multipurpose Handling Medium (MHM), Sperm Washing Medium (SWM), Refrigeration Medium, and HAM’s F-10 culture medium (HAM’s). As an example, Multipurpose Handling Medium has been used to process sperm in mice (Helmy et al., 2023) and humans (Al-Saleh et al., 2019), whereas Sperm Washing Medium has been used with macaque (Strelchenko et al., 2020) and human (Kim et al., 2015) sperm. In addition, Refrigeration Medium has been used to extend sperm samples and increase storage time for sperm from margays (Erdmann et al., 2020), Asiatic black bears (Jeong et al., 2019), and mangabeys (Gadea et al., 2019), while HAM’s F-10 solution has been used for Iberian lynx (Gañán et al., 2009) and giant panda (Santiago-Moreno et al., 2016) sperm extension, to name a few. These particular extenders were chosen since they are widely available, have been successful in a variety of mammal species, and do not contain milk or egg products (with the exception of Refrigeration Medium) that stimulate formation of micelles when diluting that prevent visual and quantitative analysis; the drop in osmolality following dilution stimulates the formation of these obstructive and sticky micelles within egg yolk. The higher osmolality of the commercial mammalian extenders (ranging from 280-320 mOsm/kg) and their additional ingredients (e.g., glucose, thioctic acid) may support salamander sperm motility and morphology over time better than low osmolality solutions that have been utilized previously in amphibians (Marcec, 2016; Gillis, 2020). For example, tiger salamander sperm has been observed to be motile at a range of osmolalities between 5-300 mOsm/kg (Gillis et al., 2021), which at the upper end is similar to the osmolality of many of the commercially available sperm extenders described above.

To date, 10% Holtfreter’s solution has primarily been used to dilute and extend salamander sperm in preparation for evaluation and cryopreservation (Marcec, 2016; Gillis, 2020). While a 10% Holtfreter’s solution is meant to mimic pond or stream water and has a very low osmolality (<10 mmol/kg), it may not be the most appropriate extender for internally-fertilizing amphibian species. Thus, the objective of this research was to compare four different extenders against 10% Holtfreter’s solution on their ability to preserve salamander sperm motility and morphology over time. In addition, we diluted each experimental extender to about 90 mOsm/kg, the approximate osmolality of artificially collected tiger salamander sperm, and measured the same impacts on sperm motility and morphology. Overall, nine different extender treatments were evaluated for their impacts on sperm parameters during storage at 0°C in an ice bath. We hypothesized that higher osmolality extenders would result in sperm samples maintaining higher progressive motility, total motility, and normal morphology over time and be more appropriate for internal fertilization as they contain a variety of energy substrates and antioxidants. By maintaining sperm with higher motilities and normal morphology during processing stages, higher fertilization rates should be obtainable, which will enhance breeding efforts for at-risk caudate species in conservation breeding programs. The eastern tiger salamander (Ambystoma tigrinum) is an internally-fertilizing salamander species that was chosen for this study as it has previously been used as a model for salamander sperm cryopreservation and IVF (Marcec, 2016; Gillis et al., 2021; Chen et al., 2022).




2 Methods



2.1 Experimental animals, exogenous hormone administration, and sperm collection

Captive-bred, sexually mature male eastern tiger salamanders (mean mass = 51.8 ± 2.9 g) were housed in 30 x 46 x 66 cm enclosures, with 5 cm of coconut fiber as bedding, in groups of 2–6 animals. Salamanders were kept on a 12-hour light cycle and provided with water baths as well as clay and polyvinyl chloride hides and were fed a diet of crickets (Gryllodes sigillatus), mealworms (Tenebrio molitor), and Dubia roaches (Blaptica dubia) dusted with a calcium supplement (Zoo Med Laboratories, Inc., CA, USA) and vitamin mix (Supervite, Repashy Ventures Inc., CA, USA). To obtain sperm for the experimental treatments, males were administered a priming dose of gonadotropin-releasing hormone analogue (GnRH) (0.025 μg/g body weight), followed 24 hours later by a resolving dose of GnRH (0.1 μg/g body weight) via intramuscular injection with a 32-gauge syringe (Marcec, 2016). The GnRH (Ala6, des-Gly10 ethylamide LHRH; Sigma-Aldrich® catalog #L4513) was reconstituted 1:1 in phosphate buffered saline to a concentration of 1 μg/μL. During sperm collection, males were kept individually in 28 x 15 x 13 cm plastic tubs with 200 mL of water for 36 hours or less. Following the resolving dose, males were abdominally massaged to express spermic milt every hour for up to six hours (Gillis et al., 2021). After collecting a sufficient volume of milt from an individual male (~10 μL) to run all treatment groups, the individual was returned to their original group housing. Sperm samples were kept cold on ice at 0°C in 0.5 mL microcentrifuge Eppendorf tubes for the duration of the experiment to mimic the procedure of storing tiger salamander sperm prior to use for in-vitro fertilization. All research was approved under IACUC #20-160 at Mississippi State University.




2.2 Extender treatments and measurement of sperm motility and morphology

Four commercially available sperm extenders were tested (Table 1), including Multipurpose Handling Medium® (MHM; FUJIFILM Irvine Scientific®, Catalog No. 90163), Sperm Washing Medium (SWM; FUJIFILM Irvine Scientific®, Catalog No. 9983), Modified Ham’s F-10 Basal Medium with 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HAM’s; FUJIFILM Irvine Scientific®, Catalog No. 99168), Refrigeration Medium Test Yolk Buffer with Gentamicin (FUJIFILM Irvine Scientific®, Catalog No. 90129), and 10% Holtfreter’s solution as a control (10% Holt; Sigma-Aldrich® NaCl, KCl, CaCl2, NaHCO3). The 10% Holtfreter’s serves as a control since it has been typically used as a tiger salamander sperm extender (Marcec, 2016; Gillis, 2020), and salamander milt without an extender cannot usually be counted accurately due to high concentrations and cell crowding. The four experimental extenders were divided into two experimental groups each: diluted (90 mOsm/kg, the approximate osmolality of salamander sperm) and undiluted (280-320 mOsm/kg) (Figure 1), resulting in eight experimental extender treatments and one Holtfreter’s solution treatment (n=11 males/treatment). To achieve diluted extenders, a portion of each medium was diluted with sterile embryo transfer water (Sigma-Aldrich®, Catalog No. W1503) to ~90 mOsm/kg. Osmolality values were measured with a Vapro® 5520 osmometer at room temperature. All extenders were stored in the fridge for a maximum of seven months at 4°C until use.


Table 1 | Chemical components, osmolality, and pH of experimental extenders used to dilute tiger salamander (Ambystoma tigrinum) sperm.






Figure 1 | Experimental procedure including: (1) Hormonal administration of GnRH to stimulate sperm expression in tiger salamanders (Ambystoma tigrinum; n = 11); (2) Sperm collection of milt (thick, white spermic material) and subsequent dilution; (3) Extender treatments including a diluted and undiluted version of each extender and a control; and (4) Data collection of sperm metrics every 10-min for one hour. Stock images by Marie Jeffs, Coprid, kwanchaichaiudom \ Adobe Stock.



Milt samples from each salamander (n = 11 males/treatment) were diluted 1:50 (1 µL sperm/49 µL extender) with each of the extender treatments in a random order and evaluated. Immediately after mixing (Time 0) and every 10 minutes thereafter (up to 60 minutes), a 7 μL sample from each treatment group was pipetted onto a slide and analyzed under 200x magnification using an Olympus® CX41 compact phase-contrast microscope. Each treatment group was measured for progressive motility (sperm actively rotating in a circle), stationary motility (sperm tail membrane undulating, but no circular rotation of cells observed), total motility (progressive motility + stationary motility), normal morphology (no broken sperm tails or heads), sperm cells with abnormal tails, sperm with abnormal heads, and sperm with abnormal heads and tails. Swollen sperm cells were not observed, thus abnormal (i.e., curled, bent, broken, or missing) heads and tails were measured as in Burger et al. (2022). Motility and morphology metrics were each directly measured every 10 minutes via visual inspection by a single observer out of 100 random cells for each male and each extender treatment.




2.3 Statistical analysis

Sperm samples were evaluated across all extender treatments over time (0, 10, 20, 30, 40, 50, and 60 min) to evaluate the effect of treatment, time, and a treatment by time interaction. A one-way ANOVA or Kruskal-Wallis rank sum test was used to compare the initial effect of each treatment on motility and morphology immediately upon diluting (Time 0). In addition, the rate of change per hour for each of the sperm parameters, as a measure of toxicity, was calculated for each extender treatment by finding the slope of the line of each parameter, for each male, over time and used as the response variable. A positive rate of change indicates an increase in the specific variable, while a negative rate indicates a decrease in the variable (e.g., a negative rate in sperm morphology over time means an accrual in proportion of abnormalities). This approach was employed to standardize the response due to sperm samples from different males having different starting motilities and morphologies. A Shapiro-Wilk test was run to analyze the normality of the data and variance was tested through the Levene’s test. General Additive Models in the package ‘gamlss’ in R (R Core Team, 2022) were used to analyze sperm motility and sperm abnormalities, where treatment was the fixed effect and individual and salamander cohort were the random effects. A normal, t-distribution, or skew t-type 1 family was used depending on the response variable. Model fit was checked by testing the normality of the residuals and using Q-Q plots. Additionally, paired t-tests were implemented to directly compare the diluted and undiluted versions of each extender for the sperm parameters measured. The Refrigeration Medium formed large concentrations of hydrophobic micelles that attached to the sperm cells when diluted, and it was impossible to evaluate the sperm visually. Thus, we removed the diluted Refrigeration Medium extender from the experiment, resulting in a total of eight extender treatments that could be evaluated, instead of nine. Data are expressed as mean ± SEM and an alpha level of 0.05 was set for significance testing.





3 Results



3.1 Diluted vs. undiluted extender treatments

When directly comparing the diluted versus undiluted treatments of the same extender medium, there was no difference (p > 0.05) in rates of change over the 60 minutes for any of the motility or morphology response variables. This suggests that osmolality may not have a direct impact on salamander sperm physiology over the range of osmolalities tested (90-310 mOsmol/kg). Rather, other factors such as extender composition could have an effect.




3.2 Sperm variable comparisons across all extender treatments



3.2.1 Immediate effect of extender on sperm motility and morphology

We examined the immediate effect that each extender treatment had on sperm samples at Time 0 upon dilution and found that there was no effect of treatment on initial motility; however, we did find that there was an immediate impact on sperm normal morphology, where MHM (61.0 ± 5.2%) had significantly lower (p < 0.05) normal morphology at Time 0 compared to diluted SWM (82.4 ± 2.6%) and Refrigeration Medium (82.2 ± 3.2%) but was no different (p > 0.05) from the other treatments. Samples were analyzed in a random order with each diluent, mitigating the effect of time on starting motility and morphology for each individual extender.




3.2.2 Treatment, time, and treatment by time interaction

When comparing the progressive and total motility values across time points for each treatment, we found that there were significant (p < 0.05) effects of extender treatment and time, but there was no treatment by time interaction (p > 0.05). For normal morphology values, there were significant (p < 0.03) effects of treatment and time, and there was one significant (p < 0.05) interaction between the diluted MHM treatment and the 30-minute time point, indicating that the effect of diluted MHM on sperm morphology depended on the time of analysis.




3.2.3 Sperm motility and morphology rate of change over time

We found that extender affected sperm motility and morphology rates of change over time. For example, 10% Holtfreter’s (-11.5 ± 2.6%), diluted HAM’s (-14.4 ± 2.2%), and HAM’s (-18.0 ± 5.1%) resulted in significantly slower (p < 0.05) rates of change compared to the other treatments, indicating their ability to better retain progressive motility of sperm cells (Figure 2). The diluted MHM solution (-29.3 ± 4.0%) lost progressive motility the fastest of all the treatments. The 10% Holtfreter’s (-5.2 ± 1.0%) and Refrigeration Medium (-5.7 ± 2.6%) had significantly different (p < 0.03) rates of change in stationary motility compared to diluted MHM (7.0 ± 3.2%), diluted SWM (3.7 ± 2.8%), and SWM (3.1 ± 2.3%). There were some differences in total motility based on extender treatment (Figure 2). For example, sperm in diluted HAM’s (-12.9 ± 2.0%) had a slower (p < 0.03) rate of change in total motility compared to all other extenders except for HAM’s (-17.4 ± 3.4%) and 10% Holtfreter’s (-16.7 ± 2.5%), which indicates that these three extenders retained sperm function longer than the other treatments. A summary of the motility results for each treatment can be found in Table 2.




Figure 2 | Rate of change (%/hr) of (A) Progressive sperm motility for each of the extender treatments; (B) Average change in progressive motility from 0 to 60 min post mixing with extender; (C) Rate of change (%/hr) of total sperm motility for each of the extender treatments; (D) Average change in total sperm motility from 0 to 60 min post mixing with extender. Treatments with different letters indicate significant (p < 0.05) differences. Yellow dots indicate the mean, while horizontal lines represent the median.




Table 2 | The mean rate of change (%/hr) ± SEM of progressive motility, stationary motility, and total motility of tiger salamander (Ambystoma tigrinum) sperm samples for each of the eight extender treatments (n=11 males/treatment).



In terms of sperm structure, the diluted HAM’s (-4.8 ± 4.2%) resulted in the slowest change in normal morphology (Figure 3), with 10% Holtfreter’s (-18.9 ± 3.6%), diluted MHM (-15.9 ± 2.4%), and MHM (-20.1 ± 5.7%) accruing a greater (p < 0.04) number of abnormal sperm over time. HAM’s (-8.4 ± 4.7%) also had a slower rate of change (p < 0.05) than the 10% Holtfreter’s and MHM treatments for normal morphology. The MHM extender was the overall worst at retaining normal sperm morphology, where approximately 1 in 100 sperm cells became abnormal every three minutes. In general, abnormal heads was the least common abnormality type identified with an average change of 0.24 to 0.72% per minute. When examining differences between treatments for the change in cells with abnormal heads, there was no difference (p > 0.05) between extenders. As for abnormal tails, diluted HAM’s (2.7 ± 2.2%) resulted in a significantly slower (p < 0.04) accrual of deformed sperm tails over time compared to 10% Holtfreter’s (10.8 ± 2.1%) and MHM (12.0 ± 3.8%), but was not different (p > 0.05) from the other treatments. This indicates that the sperm tail is the most prone to changes based on the solution it is stored in; to note, tail abnormalities are one of the most common responses of healthy mammalian sperm cells to the hypoosmotic test (Jeyendran et al., 1984). A summary of the morphology results for each treatment can be found in Table 3. Overall, 10% Holtfreter’s, HAM’s, and diluted HAM’s were the most effective at preserving sperm quality over time, while SWM and MHM were the least effective.




Figure 3 | Rate of change (%/hr) of (A) Normal morphology for each of the extender treatments; (B) Average change in normal morphology from 0 to 60 min post mixing with extender; (C) Rate of change (%/hr) of abnormal sperm tails for each of the extender treatments; (D) Average change in abnormal sperm tails from 0 to 60 min post mixing with extender. Treatments with different letters indicate significant (p < 0.05) differences. Yellow dots indicate the mean, while horizontal lines represent the median.




Table 3 | The mean rate of change (%/min) ± SEM for percent of tiger salamander (Ambystoma tigrinum) sperm with normal morphology, abnormal heads, abnormal tails, and both abnormal heads and tails in samples for each of the eight extender treatments (n=11 males/treatment) to analyze the impact of media on sperm over time.








4 Discussion

In this study, four different mammalian extenders in either diluted or undiluted conditions were compared to 10% Holtfreter’s solution in their ability to maintain tiger salamander sperm quality over an hour when stored at 0°C. The results showed that progressive motility, total motility, and normal morphology of tiger salamander sperm deteriorated over the hour, regardless of extender used. This observed change in motility and morphology is likely due to sperm cells using up energy stores and buildup of reactive oxygen species (Aziz et al., 2004). Stationary motility generally increased over time as cells transitioned from progressive motility to a non-motile state. The deterioration in sperm quality was slowest in the HAM’s, diluted HAM’s, and Holtfreter’s extenders, revealing that these three solutions were superior in preserving sperm motility and morphology compared to Refrigeration Medium, MHM, and SWM extenders. It is possible that additives present in the other extenders may have had a slightly toxic effect on sperm parameters we measured (motility and morphology), or that HAM’s and 10% Holtfreter’s had beneficial components, which may be considered important for fertilization in caudates. Interestingly, osmolality did not seem to affect the rate of decline in motility or normal morphology, further supporting reports that caudate sperm motility from internally-fertilizing species is not activated by osmolality (Ukita et al., 1999; Marcec, 2016), as it is in anurans where a drop in osmolality stimulates movement (Kouba et al., 2003; Watanabe and Onitake, 2003).

Previous research studying the changes in sperm motility over time for tiger salamanders found that progressive motility decreased from 51.4% to 22.3% in the first 60 minutes when stored neat at 0°C (Gillis et al., 2021) for both spermic urine and milt combined. Similarly, Marcec (2016) observed tiger salamander sperm motility decreased by approximately half in 60 minutes when stored at 4°C. In comparison, we found that when tiger salamander sperm was stored in 10% Holtfreter’s, progressive motility was lost by approximately 33% in the first 60 minutes, while the progressive motility was lost by over 80% when stored in MHM at 0°C. Non-extended sperm from the sharp-ribbed newt, Pleurodeles waltl (Uteshev et al., 2015), and eastern hellbender, Cryptobranchus alleganiensis (McGinnity et al., 2021), were observed to have a drop in motility following cold storage after 24 hours. The difference between these previous studies and here, was that previous studies did not extend the sperm until analysis, whereas we diluted the sperm with different extenders and followed the impact on several sperm metrics over time. Sperm were exposed to extenders for 60 minutes to mimic the processing time necessary during IVF or sperm cryopreservation protocols. Our data suggest certain extenders can help retain motility for longer periods of time compared to non-extended samples, which would be useful when conducting IVFs where gamete collection is often asynchronous (Kouba et al., 2009).

We found salamander sperm motility and morphology declined at the same rate regardless of osmolality. While not shown here, tiger salamander sperm motility has been observed in solutions with >1,400 mOsm/kg. Other taxa such as birds and mammals have also been shown to maintain motility in a range of isosmotic to hyperosmotic extenders (Blanco et al., 2008; Martínez-Pastor et al., 2019). For externally-fertilizing amphibians and freshwater fish, sperm motility is activated by a drop in osmolality (Mansour et al., 2010). However, a dramatic drop in osmolality is typically harmful to sperm from internally-fertilizing taxa such as mammals (González-Fernández et al., 2012). For example, it has been shown that incubating boar and ram sperm in 90 mOsm NaCl solution resulted in significant reduction in sperm viability (Tsikis et al., 2018). Similarly, river stingray (Potamotrygon motoro) sperm motility decreases when exposed to a hypotonic solution (e.g., freshwater) (Dzyuba et al., 2019). We found that tiger salamander sperm motility and morphology are not significantly impacted by either low or high osmolalities, indicating its versatility in changing environmental conditions and the potential for a wide range of extender types. The resilience of tiger salamander sperm in a range of low and high osmolality solutions could be due to the adaptation of the sperm having to travel through various environments including the internal female reproductive tract and into aquatic locations such as ponds within a spermatophore. Other research has shown that tiger salamander sperm (Gillis et al., 2021) as well as newt sperm (Hardy and Dent, 1986) can be found motile in a range of low and high osmolalities, which is helpful for the development of assisted reproduction techniques.

We examined the media components (Supplementary Table) that were similar between the three best extenders (10% Holtfreter’s, HAM’s, and diluted HAM’s) compared to the other five and found it difficult to speculate on benefits of media composition due to proprietary company information on ingredients. One possibility may be the calcium chloride concentration within the extenders, as calcium is an important cation that is critical in the activation of vertebrate sperm motility through ion channels (Pereira et al., 2017). For example, research comparing sperm extenders in tropical catfish (Mystus nemurus) found that the medium containing calcium ions maintained sperm motility the best (Muchlisin et al., 2004). While the calcium channel, CatSper, has been found to be the main gate for the entry of calcium ions into the mammalian sperm cell to promote activation and the acrosome reaction, the CatSper channel is absent in amphibians (Lishko and Kirichok, 2010). However, calcium signaling is still a key component in controlling amphibian sperm motility, where flagellum movement is stimulated by voltage-dependent calcium channels (Sato et al., 2021). Within caudates, calcium is one of the major ions that can be found in the jelly layers coating the outside of the newt egg, which can help activate sperm movement (Ukita et al., 1999). The sustained contact of sperm with calcium ions is also important for the acrosome reaction in amphibians (Ishihara et al., 1984). Additionally, the presence of calcium ions can cause sperm motility to become hyperactivated in newts, though it does not cause initial motility on its own (Ukita et al., 1999). Whereas monovalent ions such as sodium and potassium found within egg jelly can initiate newt sperm motility in high concentrations (Ukita et al., 1999).

Other factors in the extenders such as energy sources, pH, vitamins, and antioxidants could be affecting sperm motility for species that display internal fertilization. For example, when comparing different sperm extenders in mammals, it was found that antioxidant presence could improve sperm quality by blocking oxidative stress in felines (Thuwanut et al., 2010; Angrimani et al., 2017), canines (Neagu et al., 2010; Mahiddine and Kim, 2021), and fishes (Mansour et al., 2006; Martínez-Páramo et al., 2012). In addition, higher pH has been associated with increased sperm motility in fish (Pérez et al., 2022), which might explain why the 10% Holtfreter’s, with the highest pH, had the slowest rate of progressive motility loss. Watanabe et al. (2003) found that Japanese fire-bellied newt (Cynops pyrrhogaster) sperm had over 90% motility when in a solution with a pH of 8.5, while sperm in a solution with a pH of 7.8 only reached a motility of 55%. The sperm-activating egg jelly of newts has been found to have an alkaline pH of 8.5, which could explain why 10% Holtfreter’s better maintained motility over time (Ukita et al., 1999). We found that tiger salamander milt has a pH of 6.4, which is similar to findings showing the pH of newt sperm to be 6.5 (Hardy and Dent, 1986). The change of pH of sperm samples to a more alkaline environment could be affecting hydronium concentrations and subsequent sperm motility. For example, Hardy and Dent (1986) found that newt sperm samples had extensively higher motility when initially placed into a solution of pH 8-9. However, sperm motility was negatively impacted when stored at these higher pH levels for more than 12 hours (Hardy and Dent, 1986).

Alternatively, HAM’s was the only extender to contain an antioxidant (i.e., thioctic acid), which could explain the higher sperm motility and morphology over time compared to the other extenders. Previous work in humans has shown that antioxidants, such as thioctic acid, can significantly increase sperm motility and normal morphology by reducing reactive oxygen species accumulation (Canepa et al., 2018). Additives such as biotin within the HAM’s extender could also be a cause for the sustained quality since previous research with humans found biotin increased sperm motility post-freezing (Kalthur et al., 2012). Comparative research with mammal sperm extenders has found that HAM’s F-10 is a useful treatment for maintaining sperm quality in both coatis, Nasua nasua (da Paz and dos Santos Avila, 2015), and African lions, Panthera leo (Lueders et al., 2012), which agrees with our findings in tiger salamanders. Conversely, research with sand cats (Felis margarita) and black-footed cats (Felis nigripes) observed significant decreases in sperm motility for samples stored in HAM’s F-10 as opposed to a customized medium (Herrick et al., 2010), suggesting that sperm media for salamanders could be further tailored for optimal storage conditions.

Mammalian sperm have evolutionarily adapted the ability to withstand some changes in osmolality through their path from the male epididymis to the female oviduct through adaptations such as aquaporins to regulate water uptake (Chen and Duan, 2011). This relationship appears to be reflected in internally-fertilizing salamander species, where the sperm has to undergo several osmolality changes (e.g., deposition of spermatophores in freshwater) until finally fertilizing an egg. Both mammal and caudate sperm can undergo sperm storage within the female reproductive tract where signal transduction plays a key role in processes such as sperm capacitation; further research has found that heat shock proteins, which are highly conserved across taxa including salamanders, can influence sperm survival in the mammalian female reproductive tract (Holt and Lloyd, 2010). The lack of osmotic shock of tiger salamander sperm to low osmolality conditions could also be a relic of their phylogenetic history as external fertilizers in the evolutionary past (Jia et al., 2021), or the adaptation of spermatophores to withstand osmotic shock when released into water before a female picks it up. This adaptability in both low and high osmolality conditions is advantageous for creating ART protocols for salamanders, as different media can be used to manipulate sperm and possibly increase fertilization potential.

Here, we chose to focus on mammalian sperm extenders, because there is a broader range of commercially available extenders for research on mammalian assisted reproduction. This study looked at four common mammalian sperm diluents, but there are untested diluents that could be more beneficial for salamander sperm, such as those used for avian or reptilian species (Johnston et al., 2014; Burilo and Kashoma, 2023). Furthermore, a mid-range osmolality could be tested in the future, such as those approximating the osmolality of salamander blood or egg jelly (Watanabe and Onitake, 2003). We acknowledge that morphology analysis included only visual head and/or tail abnormalities, and further testing such as morphological staining for acrosome damage could add depth to future studies.




5 Conclusion

Osmolality is not likely the key driver of sperm motility for internally-fertilizing salamanders as is seen in other externally-fertilizing amphibian species (e.g., frogs and toads). We found that the 10% Holtfreter’s solution is best for maintaining progressive motility, while diluted HAM’s is best for maintaining total motility and normal morphology over time. Other amphibians, such as frogs, have sperm that is activated by a drop in osmolality due to their aquatic, externally-fertilizing reproductive strategy. In contrast, tiger salamanders are internal fertilizers similar to mammals, where sperm motility is largely influenced by pH and calcium ion fluctuations. It is plausible that salamander sperm is impacted more by these other factors, such as ionic composition or pH changes, which could be affecting sperm form and function. Future research projects should continue to use and optimize 10% Holtfreter’s or diluted HAM’s F-10 as extenders for ambystomid sperm cryopreservation and IVF. Increasing the health and functionality of salamander sperm during the processing stages before cryopreservation or IVF would potentially provide a higher motility and morphology, leading to improved fertilization rates and increased offspring production. Ultimately, greater production of genetically diverse offspring may enhance reintroduction and recovery efforts for some portion of the more than 50% threatened caudate species.
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1) 10% Holtfreter’s -115 £ 2.6 52+ 10% -167 £2.5%
2) Modified Ham’s E-10 Basal Medium w/HEPES (HAM'’s) -18.0 £ 5.1° 1.0 £33 174 + 3.4%
3) Diluted HAM’s F-10 144 £ 22% 17 +22% 129 28"
4) Multipurpose Handling Medium (MHM) 228 + 5.0 1.5+ 4.2 213 + 62"
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6) Sperm Washing Medium (SWM) 250 +6.2¢ 31+23° 219 + 6.8°
7) Diluted SWM -26.7 + 4.5% 37 +28° 2230 + 4.0
8) Refrigeration Medium TYB w/Gentamicin 4163 + 1.9% , 5.7 %26 2220 + 3.5%

Different letters indicate significant (p < 0.05) differences within a column. Positive numbers indicate an increase in sperm metric while negative numbers indicate a decrease. HEPES, 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid; MOPS, 3-(N-morpholino) propanesulfonic acid; HTF, human tubal fluid. TYB, TEST-yolk buffer.
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Different letters indicate significant (p < 0.05) differences within a column. Positive numbers indicate an increase in sperm metric while negative numbers indicate a decrease. HEPES, 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid; MOPS, 3-(N-morpholino) propanesulfonic acid; HTF, human tubal fluid. TYB, TEST-yolk buffer.
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1) 10% Holtfreter’s Distilled water, NaCl, KCI, CaCl,, bicarbonate 8+3 8.6 +0.02
2) Modified Ham’s F-10 Basal Medium Bicarbonate, HEPES, Phenol Red, salts, vitamins/minerals, amino acids, glucose, 310+ 18 77 +005
W/HEPES (HAM’s) inositol, thioctic acid - o
3) Diluted HAM F-10 Bicarbonate, HEP.ES, ?henol.Re(?, salFs, vitamins/minerals, amino acids, glucose, 9143 78 + 001
inositol, thioctic acid, embryo transfer water
4) Multipurpose Handling Bicarbonate, HEPES, MOPS, salts, amino acids, sodium lactate, glucose,
" g 280 £ 1 7.5+0.01
Medium (MHM) sodium pyruvate
5) Diluted MHM Bicarbonate, HEPES, MOPS, salts, amino acids, sodium lactate, glucose, sodium iid 5604
pyruvate, embryo transfer water
HEPES-buffered HTF with h Ibumin, salts, , sodi te,
6) Sperm Washing Medium (SWM) ultere with human serum albumin, salts, glucose, sodium pyruvate 30340 75001
sodium lactate, bicarbonate
7) Diluted SWM HEPES-buffered H'l?F with humaf] serum albumin, salts, glucose, sodium pyruvate, 9343 74+ 004
sodium lactate, bicarbonate, embryo transfer water
Refri, ion Medi TYB
8) Refnigeration Medim Chicken egg yolk, Trizma base, fructose, gentamicin sulfate 33844 73

w/Gentamicin

HEPES, 4-(2-hydroxyethyl)- 1-piperazineethanesulfonic acid; MOPS, 3-(N-morpholino) propanesulfonic acid; HTF, human tubal fluid; TYB, TEST-yolk buffer.





