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The growing possibilities of space travel are quickly moving from science fiction to reality. However, to realize the dream of long-term space travel, we must understand how these conditions affect biological and physiological processes. Planarians are master regenerators, famous for their ability to regenerate from very small parts of the original animal. Understanding how this self-repair works may inspire regenerative therapies in humans. Two studies conducted aboard the International Space Station (ISS) showed that planarian regeneration is possible in microgravity. One study reported no regenerative defects, whereas the other study reported behavioral and microbiome alterations post-space travel and found that 1 of 15 planarians regenerated a Janus head, suggesting that microgravity exposure may not be without consequences. Given the limited number of studies and specimens, further microgravity experiments are necessary to evaluate the effects of microgravity on planarian regeneration. Such studies, however, are generally difficult and expensive to conduct. We were fortunate to be sponsored by the Student Spaceflight Experiment Program (SSEP) to investigate how microgravity affects regeneration of the planarian species Dugesia japonica on the ISS. While we were unable to successfully study planarian regeneration within the experimental constraints of our SSEP Mission, we systematically analyzed the cause for the failed experiment, leading us to propose a modified protocol. This work thus opens the door for future experiments on the effects of microgravity on planarian regeneration on SSEP Missions as well as for more advanced experiments by professional researchers.
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INTRODUCTION

Space travel and inhabitation capture the human imagination. They also pose biological and engineering challenges that are not encountered on Earth. The National Center for Earth and Space Science Education (NCESSE) runs the Student Spaceflight Experiment Program (SSEP) for students from different communities, including Grades 5–12, community colleges, and universities “to inspire the next generation of scientists and engineers” (http://ssep.ncesse.org). A key aspect of the program is to have students work like “real scientists,” and be involved in all parts of the scientific process, including conceptualization and design of a scientific experiment, participating in a two-step proposal competition, and performing the actual experiment while learning to work within financial and experimental constraints (see Appendix for more information on the details of this specific mission and team). Students design an experiment that can be from a number of fields, including geosciences, biology, physics, and physiology, which can be completely contained within a “MixStix mini-laboratory” consisting of a proprietary Teflon fluids mixing enclosure (FME) tube (Nanoracks). This enclosure can hold up to three separate sample materials, separated by clamps that can be opened to allow mixing of the components (http://nanoracks.com/products/mixstix/). The SSEP experiments had to be designed such that they could be conducted with a single interaction (unclamping) between the astronauts and the tube on a specific date (limited to 5 possible options) and allow for an initial dormancy period (approximately 2 weeks) while the experiments were transported to the ISS.

Since its inception in 2010, the SSEP program has conducted ten Space Missions. Biological specimens used in these missions have included various species of insects, worms, echinoderms and fish. The life cycles of many of these species allow for experiments to be conducted by placing eggs or larvae, often in a dormant state, in the FME tubes. Development can then be initiated in space, such as by the switch from cold to ambient storage, to determine the effects of microgravity on these processes. The outcomes of these studies, however, remain largely unknown, because student teams primarily report at the Annual SSEP Conference prior to the flight experiment and thus post-flight results are often not publically available. According to the SSEP website, 76 biological experiments have been presented at the Annual SSEP conference between 2012 and 2017. However, of these, only about a quarter reported results and about half of those were inconclusive due to limited time, tube space or sample size.

To the best of our knowledge, the results of only one biological SSEP experiment have been published (Warren et al., 2013). In this study, the authors used an earlier version of the FME mini-lab system with Caenorhabditis elegans to study the effect of the transcription factor DAF-16 on previously reported genomic expression changes induced by spaceflight in C. elegans. While the study was unsuccessful, partially due to incorrect activation of the experiment in space, it established that nematode viability could be maintained in the FME system for a maximum of 3 weeks (Warren et al., 2013).

Our experiment, as part of the 2017 SSEP Mission 11, aimed to test the effect of microgravity on the regeneration of freshwater planarians of the species Dugesia japonica. To fulfill the SSEP requirements, the experiment was designed such that planarians were amputated on Earth and the resulting tail pieces were kept dormant at 4°C during transportation to the ISS, where they were moved to ambient temperature to initiate regeneration in microgravity. Regeneration was terminated by the astronauts after 2–4 weeks by releasing a fixing agent, formaldehyde, from the second compartment. Upon sample retrieval, the microgravity sample was compared with Earth laboratory controls.

Studying invertebrate regeneration is a popular experiment in schools because students can readily engage with this fascinating phenomenon. Planarians are particularly interesting, because they can regenerate a complete animal, including eyes and a fairly complicated brain, from small fragments of the original body within 7–12 days (Morgan, 1989; Cebrià, 2007). While this process is quite robust, regeneration can be influenced by molecular (Reddien et al., 2005), chemical (Best and Morita, 1982; Hagstrom et al., 2015, 2016) and physical factors (Marsh and Beams, 1952; Brondsted and Brondsted, 1961; Novikov et al., 2008).

To the best of our knowledge, only three studies have investigated the role of gravity in planarian regeneration. While one study found that extended exposure to simulated microgravity is generally detrimental to planarian health (Adell et al., 2014), others have shown that planarians are able to regenerate fully under these conditions (Gorgiladze, 2008; Morokuma et al., 2017). Notably, while Adell et al. conducted their experiments on Earth using a random positioning machine to mimic space conditions, Gorgiladze and Morokuma et al. performed their experiments on board the ISS. It is also worth noting that lethality in the simulated microgravity experiments only occurred under specific rotation conditions (i.e., 60°/s but not 10°/s) and after long-term exposure (13 days) (Adell et al., 2014), which may not be representative of actual space conditions. Furthermore, the planarian species differed in each of the three studies, complicating direct comparisons of the results, especially since species-specific sensitivities to spatial confinement have been reported (Carter et al., 2015). Adell et al. used Schmidtea mediterranea, Gorgiladze used Dugesia tigrina, and Morokuma et al. used D. japonica, the same planarian species used in this study. While neither study on board the ISS found planarians incapable of regeneration, differences in the findings nevertheless exist. Gorgiladze reported no regeneration defects monitoring 60 planarians. In contrast, Morokuma et al. found 1 of 15 planarians regenerated into a two-headed animal, which is a rare event that the authors never observed in the approximate 15,000 planarians they cultured in the laboratory over the past 5 years. Similarly, we have never observed such a phenotype in our toxicology screens (Hagstrom et al., 2015), which also comprise thousands of D. japonica planarians. Furthermore, Morokuma et al showed long-term behavioral and microbiotic changes that were attributed to space travel (Morokuma et al., 2017). Taken together, the discrepancies in the existing studies call for further experiments to determine the effects of microgravity on planarian regeneration and physiology. However, these experiments are expensive and difficult to realize. The SSEP, thus, provides a unique opportunity to address these kinds of intriguing questions by facilitating and engaging aspiring young scientists in the scientific process.

In this paper, we report our experiences conducting a planarian regeneration experiment within SSEP. Because of the lack of published SSEP experiments, we could not build upon prior work to optimize our experimental protocol. Correspondence with the SSEP Director at the 2017 Annual SSEP Conference revealed that all previous planarian regeneration experiments had failed. Because our experiment was similarly unsuccessful, our goal is to explain why it failed and how it could be improved to allow for future successful studies within the experimental constraints imposed by the SSEP program.

MATERIALS AND METHODS

Animals

Asexual planarians of the species D. japonica were used for the experiments. Planarians were maintained in bulk in Instant Ocean (IO)-water, fed organic chicken or beef liver once a week and cleaned twice a week, as previously described (Hagstrom et al., 2018). Animals were starved for at least 5 days before being used for an experiment. Animals used for experiments were 6.9 ±1.1 mm (mean ± standard deviation) in length. To induce regeneration, intact animals were amputated between the auricles and pharynx with an ethanol-sterilized razor blade as in Hagstrom et al. (2015). The heads were returned to the animal stocks and the tails were allowed to heal for 1 h before loading into the tubes.

Fluids Mixing Enclosure (FME) Type 2

The Type 2 Fluids Mixture Enclosure (FME) Mark II Mini Laboratory was used for SSEP Mission 11 to the ISS. The silicone tube is 170 mm long with an outer diameter of 13 mm and an inner diameter of 9.5 mm. The Type 2 FME tube can be subdivided into two or three separate compartments through the use of clamps. The total volume of sample the Type 2 FME can hold is 9.2 ml. For the planarian experiments, each FME tube was split into two compartments: an 8 ml compartment containing the animals and a 1 ml compartment containing 37% formaldehyde (Fisher Scientific, Waltham, MA). NCESSE shipped 5 FME Mini-lab Kits to each participating community. Three were reserved for the selected flight (1 tube) and ground (2 tubes) truth experiments.

Pre-experiment: Regeneration Test at 4°C

To support the experimental proposal, we conducted an initial test to determine the degree of regeneration at 4°C of D. japonica planarians. This test was performed using 5 ml plastic culture tubes (Falcon, Corning, NY), since FME tubes were not available prior to proposal approval. Ten D. japonica tails were placed in a parafilm-sealed tube in 4°C refrigeration in the dark. A second set of 10 D. japonica tails were prepared the same way and placed at room temperature (RT) in the dark. The tubes were filled approximately to the top, but without an exact measurement of the volume added, thus leaving varying amounts (up to 20%) of air. After 2 weeks, both samples were compared using a Leica S6 trinocular stereo microscope (Wetzlar, Germany) equipped with a Basler A601f camera (Basler, Germany). This comparison revealed that all planarians were able to survive 2-week enclosure at either temperature and that minimal regeneration occurred during incubation at 4°C (Figures 1A,B).
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FIGURE 1. Pre-flight experiments on planarian viability and regeneration. (A) Representative image of a regenerated planarian, from an original tail piece, stored in a sealed 5 ml culture tube for 2 weeks at RT. (B) Representative image of a planarian tail piece which had not regenerated after being stored in a sealed 5 ml culture tube for 2 weeks at 4°C. (C,D) Either 5 or 10 planarian tail pieces were stored in the FME tubes for 3 weeks at 4°C, followed by an additional 2 weeks at RT. (C) Representative image of a planarian which failed to regenerate during this time as no blastema has formed. (D) Representative image of a successfully regenerated planarian. (E,F) Representative images of planarians that were fixed following storage in the FME tubes. While some planarians were fixed extended (E), others curled up (F). Scale bars: 0.25 mm.



Pre-experiment: Viability Test in FME Tubes

During the experimental design phase, one FME tube was prepared with 5 tails and one FME tube was prepared with 10 tails to determine how many worm pieces could survive in a single FME tube. A critical difference from the actual flight experiment was that formaldehyde was not placed in the second volume of the FME tube, since only the effect of lack of oxygen on worm viability was tested. Both FME tubes were kept at 4°C for 3 weeks and then moved to ambient temperature. After 2 more weeks at ambient temperature, the tube containing 5 worms was emptied and the worms evaluated (Figures 1C–E). In this tube, 4 worms were found alive with 3 out of the 4 regenerating normal. The 4th worm had a closed wound but no blastema (Figure 1C). The worms in the second FME tube were fixed by adding 1 ml formaldehyde. The planarians were analyzed the following day after incubation overnight at 4°C. All 10 worms were still present. Six of them had regenerated 2 eyes and 4 had no eyes. Thus, while lack of oxygen appeared to affect their ability to regenerate properly, planarians were able to survive 5 weeks in the FME tube without formaldehyde in the second chamber.

Pre-launch Preparation

The FME tubes were rinsed thoroughly with IO-water in the laboratory. On July 24, 2017, 30 D. japonica were decapitated between the auricles and the pharynx with an ethanol-sterilized razor blade in IO-water. The animals were allowed to close the wound for 1 h. Pre-chilled (4°C) Crystal Geyser (CG) spring water was aerated by pouring back and forth between two glass beakers at least 5 times. Ten D. japonica tails were added to each of the three FME tubes with 8 ml of pre-chilled CG water. CG-water was used instead of IO-water because it was commercially available.

One milliliter of 37% formaldehyde was added to the second chamber of each FME tube so the planarians could be fixed, and thus end the experiment, after sufficient time for regeneration in microgravity. The two ground truth FME tubes were sealed and stored horizontally at 4°C for 25 days. The flight experiment FME tube was placed in a Cold Shipping Package at 2–8°C for transport to Nanoracks in Houston. The FME was refrigerated at approximately 2–4°C until handover to NASA. This allowed the experiment to be kept in a dormant state until arrival on the ISS.

Flight Experiment on the ISS

SpaceX CRS-12 launched from Space Launch Complex 39 at Cape Canaveral Air Force Station, Florida on August 14, 2017. The mini-labs were captured by the ISS on August 16, 2017 with subsequent unloading to ambient temperature (21–24°C) on August 17, 2017. The two ground truth experiments in the laboratory were transferred to ambient temperature in the dark on the same day.

After 3 weeks in microgravity, an ISS crew member performed the U-14d interaction on September 4, 2017 by opening the clamp that separated the planarians and formaldehyde, and shaking vigorously for 5 s to release the formaldehyde, thus terminating and preserving the experiment in microgravity. The two ground truth experiments in the laboratory were treated using similar actions on the same day.

Post-Flight Analysis

On the day of harvesting, the liquid was poured into Petri dishes for analysis. All planarians in both ground truth and flight experiments had disintegrated. Images of the disintegrated pieces were taken with a Leica KL300 LED dissecting microscope and Point Gray Flea3 color camera (FLIR Systems Inc., Wilsonville, OR).

Post-flight: FME Viability Test

To assay which factors may have contributed to worm death during the experiment, additional post-flight experiments were performed. New FME tubes were set up as described in Table 1. Specifically, we assayed the effects of the presence of formaldehyde, presence of air, and tube type. Of note, due to the high cost of FME tubes, when possible and appropriate, certain conditions were tested repeatedly in the same FME tube, with extensive washing before loading new worms. When repeating conditions which contained formaldehyde, the original formaldehyde compartment was left intact. For the tube type experiments, we used 5 ml culture tubes (VWR International, Radnor, PA) containing 6 tails and 5 ml of CG spring water and 9 ml glass borosilicate tubes (Corning, Corning, NY) containing 10 tails and 9 ml spring water to keep the worm:volume ratio relatively constant. Experiments were stored at 4°C for 2–3 weeks and then, when possible, moved to RT for an additional 2–3 weeks (5 weeks total). Planarian viability was checked by eye every 3–4 days.


Table 1. Post-flight test conditions in FME tubes.
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RESULTS

The goal of this study was to analyze the effect of microgravity on planarian head regeneration. Ideally, planarians would be amputated on board the ISS and then their regeneration documented. This, however, was not possible within the constraints of the SSEP, which only allowed a single interaction of the astronauts with the experiment. Therefore, we designed an experimental protocol where the worms would be amputated on Earth before loading into 8 ml pre-chilled spring water on one side of the FME tube and adding 1 ml of 37% formaldehyde on the other side, separated by a clamp (Figures 3A,B and section Materials and Methods). Because the Mission 11 SSEP timeline consisted of an initial 2.5 week period at 4°C for transport of the flight FME tubes to Nanoracks and the ISS, the amputated planarians needed to be dormant or in stasis until arrival on the ISS. While it was expected that regeneration would be delayed at colder temperatures (Brondsted and Brondsted, 1961), it was uncertain whether we could sufficiently delay it for such a long time. Furthermore, the regenerating planarians needed to be able to survive without oxygen for 2.5 weeks at 4°C, followed by an additional 2–4 weeks at RT on board the ISS before fixation with formaldehyde would occur to stop the experiment. Given these experimental constraints, we conducted several pre-flight experiments to assay (a) the planarians' ability to survive and regenerate in an enclosed tube for such a long time, and (b) the extent of regeneration occurring during storage at 4°C.

Pre-flight Experiments

To test whether planarian regeneration could be put in a dormant state, we conducted a comparative study of regeneration at 4°C and RT, as described in Materials and Methods. First, we evaluated how long the regenerating worms were able to survive without oxygen. Under these conditions, all planarians survived in enclosed tubes for 2 weeks at either 4°C or RT. While some studies have shown limited survival in enclosed conditions, with worms disintegrating within 5 days at a density of 0.2 worms/ml at 10 or 20°C without any oxygen (Morokuma et al., 2017), our preliminary experiments using 2 worms/ml at 4°C and RT have shown that 2 week enclosure was possible. Moreover, a comparison of 10 D. japonica tails stored at 4°C vs. at RT for 2 weeks, under otherwise identical conditions, showed that regeneration was sufficiently delayed, so the 2-weeks transport time to the ISS would not lead to significant regeneration. Planarians stored at 4°C showed only a small blastemal tissue and no eyes whereas worms stored at RT had fully regenerated (Figures 1A,B). Further, we confirmed that at least 10 regenerating tail pieces could survive enclosed in the FME tubes when stored for 3 weeks at 4°C, followed by 2 weeks at RT (Figures 1C–E and section Materials and Methods). However, some of the enclosed animals did show regeneration defects (Figure 1C).

Finally, we confirmed that the one-step fixation of the regenerated tails using formaldehyde would work for our purposes, since standard planarian fixation protocols contain a mucus-removal step before the administration of formaldehyde or other fixatives (Umesono et al., 1997; Pearson et al., 2009). While some of the planarians remained straight (Figure 1E), others curled up during fixation (Figure 1F), making imaging difficult. However, in those cases we were still able to manually determine whether the tails had fully regenerated and quantify the number of eyes. We therefore deemed the protocol adequate given the experimental constraints imposed by the mission, which prohibited a multiple step fixation procedure.

Flight and Ground Control Experiments

On July 24, 2017, two ground control and one flight experiment were prepared in the FME tubes as described in Materials and Methods (Figure 2). The flight experiment was sent to Nanoracks, LLC and the ISS according to the timeline in Figure 2E. The ground truth controls were kept on the ground at 4°C in the dark and the necessary actions (movement to RT and unclamping of the tube) were performed on the same days as in the flight experiment. Of note, the original launch was scheduled for August 10, but was delayed until August 14. This caused the planarians to be stored 5 additional days at 4°C, which was not planned for in the original experiment.
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FIGURE 2. Setup and timeline of experiment. (A,B) Representative pictures of planarians (A) before loading or (B) after being cut. Scale bar: 0.5 mm. (C) Two of the girls load planarians into the FME tubes. Written informed consent from the student's parents was obtained for use of this image. (D) Worms inside the FME tube. Scale bar: 2 cm (E) Schematic of experimental time line. A detailed description of the flight schedule can be found on the SSEP website.



On September 23, 2017, the FME tubes were opened and analyzed. The liquid from each FME mini-lab was poured into small Petri dishes for harvesting and analysis. In all experiments, the planarians were dead and had completely disintegrated into small pieces (Figure 3). Interestingly, the planarian fragments in the ground truth experiments were larger compared to the flight experiment (compare Figures 3C,D with Figure 3E). Of note, we observed some disintegration in the ground truth experiments during the initial movement to RT suggesting death may have occurred before the flight experiments were exposed to microgravity. It is therefore possible that the difference in worm fragment size of Earth and flight experiments is a consequence of the multi-g forces experienced during space launch and return.
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FIGURE 3. Results from Ground and Flight experiments. (A) Ground control FME tubes before opening. (B) Flight FME tube returned from space before opening. (C–E) Representative images of disintegrated planarians from (C,D) ground controls or (E) the flight experiment. Scale bars: 0.1 mm.



The failure of the experiment, including the ground-truth control, was surprising given that our pre-flight ground control experiments indicated that the worms were able to survive 5 weeks in the FME mini-lab. However, these preliminary experiments had been conducted without formaldehyde in the second chamber, raising the possibility that the fumes from the formaldehyde affected the planarian's ability to survive in the FME tubes in the real experiment. Although the clamp separated the liquid and no leakage was observed, as confirmed by post-flight tests using food coloring (Figure 4G), it may not have separated the fumes.
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FIGURE 4. Post-flights tests on planarian viability. (A–C) Planarian viability is increased in tubes which contain air (green diamonds) compared to tubes without air (black circles) in (A) FME tubes, (B) culture tubes, or (C) glass tubes. (D) Considerable variability exists within the different set ups. Graph shows a comparison of all data collected in each tube type after 2 weeks (14–17 days) at 4°C and compares tubes with and without air (green diamonds and black circles, respectively). (E) Addition of formaldehyde (FA) generally negatively affects planarian viability. (F) Comparison of all FME tube experiments (data from A,E) comparing with and without air (green or black color, respectively) and with and without FA (stars and circles, respectively). (G) No leakage of liquid was found between FME compartments. Food coloring and formaldehyde was added to the left compartment of the FME tube and IO water to the right compartment. Image was taken after the tubes were stored at 4°C for 2 weeks (17 days). No leakage of the formaldehyde/food coloring mixture was observed. Scale bar: 1 cm. (H) Moving planarians from 4°C (blue) to RT (red) generally does not affect viability. (I–K) Representative images of regenerated planarians which survived 5 week enclosure (2 weeks at 4°C and 3 weeks at RT) in either a (I) FME or (J) culture tube. (K) Representative image of a planarian which failed to regenerate properly after 3 weeks at 4°C and 2 weeks at RT. Image is from FME tube, condition 2. Scale bar: 0.5 mm.



Post-flight Experiments

As the planarians in both the ground control and flight experiments had disintegrated over the course of the experiment, post-flight experiments were performed to determine how long planarians could survive under these conditions and whether different factors (presence of formaldehyde, presence of air, or tube type) could affect viability Thus, using new FME tubes, different conditions were set up in the same manner as the real experiment with the alterations listed in Table 1. Conditions 2 and 5 contained 1 ml 37% formaldehyde in the second chamber while in the remaining tubes the second chamber was left empty. To determine whether lack of oxygen caused the worms to die, condition 5 was set up with only 6 ml of CG spring water (and 2 ml of air) in the 8 ml chamber. Moreover, to test whether both the lack of oxygen and presence of formaldehyde caused the observed worm lethality, Condition 6 was set up in an FME tube without the clamp to give only one chamber containing 10 amputated tails, 8 ml of CG spring water and approximately 1.2 ml of air. Lastly, to determine if components of the FME tube were detrimental to planarian health, control experiments were performed with 5 ml culture tubes or with 9 ml glass borosilicate tubes using the same worm:volume ratio as in our FME experiments. For air tests, controls were prepared in culture tubes with 3.75 ml CG water and 1.25 ml air or in glass tubes with 8 ml spring water and 1 ml air. All tubes were stored horizontally. The viability of the worms was checked by eye every 3–4 days.

Our post-flight experiments (Figure 4) show that the presence of air (“+ air” in Figure 4) in the various enclosures generally increased planarian long-term viability. While little differences were observed between the - air and + air conditions in the first week at 4°C, at longer times worms without air in all tube types died more rapidly (Figures 4A–C). Notably, tube type/material appears to affect the results as we observed the largest variability in the data in the FME tubes (Figure 4A), followed by the culture tubes (Figure 4B), and then the glass tubes (Figure 4C, see Figure 4D for direct comparison). The positive effect of air in the tube on worm viability was least obvious in the FME tubes, as in some cases the animals in the - air conditions lived significantly longer than the animals in the + air conditions. However, in the culture (Figure 4B) and glass tubes (Figure 4C), planarians stored in tubes with air survived significantly longer than those without air. For example, in the glass tubes, all worms in tubes without air died within 20 days, while worms in glass tubes with air only showed about 40% death in the same time frame. Thus, while the general trend in the data suggests that presence of some air in the FME tubes promotes planarian viability, it is not a guarantee for planarian viability over the course of the experiment.

Additionally, we found that the presence of formaldehyde generally negatively impacts planarian viability in the FME tubes (Figures 4E,F). In 3 of the 5 tests, addition of formaldehyde caused rapid death (within 11 days). This is not due to leakage of the formaldehyde liquid into the planarian chamber as potential leakage through the clamp was checked by tapping on the tube before the formaldehyde was added. Moreover, we found no leakage between the two chambers after 2 weeks of storage (Figure 4G). However, it is still possible that formaldehyde vapors may have been able to leak into the second chamber. Again, as observed in the +/– air tests, the variability in the FME tube data makes it difficult to draw strong conclusions.

Finally, and importantly for future experimental design as elaborated on in the Discussion, we observed that planarian viability stayed relatively constant when the tubes were moved to RT (Figure 4H). This suggests that the initial storage conditions at 4°C to induce dormancy are the main determinant of whether the planarians are able to survive. Generally, if the animals were able to survive this 2–3 week period at 4°C, they were able to persist and regenerate in the subsequent storage at RT (Figures 4I–K). Similarly to our pre-flight tests, we also found that some worms had regeneration defects (no blastema, small blastema or abnormal eyes) following regeneration at RT. These defects were more prevalent in tubes which had been stored at 4°C for 3 weeks rather than only 2 weeks and in the FME tubes when compared to the culture tubes (Figure 4K and Table 2).


Table 2. Lethality and regeneration defects in planarians stored for 2 or 3 weeks at 4°C in either FME or culture tubes.
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DISCUSSION

The parameters set within the SSEP made it challenging to create a successful microgravity experiment using live biological samples. Despite the pre-launch tests that indicated that the experimental conditions were viable, all planarians (flight and ground truth) disintegrated over the 43 days of the experiment. Our post-flight ground-control experiments suggest that a combination of the extended storage at 4°C due to the launch slip and the lack of oxygen were likely the largest factors contributing to this outcome.

Extended Storage at 4°C

Our pre- and post-flight experiments have shown that planarian regeneration can be put into a dormant state at 4°C. However, we found increased death and a significantly higher percentage of planarians with regeneration defects upon longer cold storage, suggesting extended cold storage negatively affected worm health (Table 2). The launch slip, necessitating the experiment to be kept at 4°C for 5 more days than planned, therefore may be the main reason for the negative experimental outcomes. From the time our flight experiment was prepared to the time it arrived on the ISS was 25 days. Generally, such a long transportation time is not ideal for biological experiments. It has been previously emphasized that late loading and early retrieval are optimal to maximize organismal health for life science experiments conducted in space (Hughes-Fulford, 2004; National Research Council of the National Academies, 2011; Warren et al., 2013). Travel time was considerably shorter in the non-SSEP planarian ISS experiments, with launch occurring within 12–14 or 31 h for the Gorgiladze (2008) and Morokuma et al. (2017) studies, respectively. Thus, these significantly shorter transportation times may be responsible for why their planarians were viable and regenerated while ours disintegrated. In fact, in the case of studying the effect of microgravity on regeneration, the ideal experiment would be to amputate the planarians on board the ISS and not on Earth (Morokuma et al., 2017). The study by Gorgiladze (2008) has thus come closest to these ideal conditions.

Lack of Oxygen and Air to Water Ratio

Interestingly, we observed a highly variable effect of lack of oxygen on our test planarians; while a few tubes showed hardly any effects, others showed significant or complete death under the exact same experimental conditions (Figures 4A–C). It was more difficult to eliminate all air in the FME and culture tubes compared to the glass tubes, thus small air bubbles may have been present in some of the samples, contributing to the variability in the data. However, compared to the air volume in the + air conditions, these bubbles are negligible and thus cannot explain why some – air conditions outperformed the + air conditions in the FME-tubes. The previously reported experiments with C. elegans similarly found that chance largely dictated whether the nematodes survived long-term storage in the FME tubes (Warren et al., 2013).

Morokuma et al. (2017) concluded that the optimal condition for 30-day survival of intact planarians at 20°C was a 50–50 air-to-water ratio and that using 100% water and no air resulted in complete lethality of intact planarians within 5 days. On the other hand, experiments with G. tigrina were viable for the duration of the 10 day flight in tubes without additional oxygen (Gorgiladze, 2008). Of note, in our no-air setups using regenerating tail pieces stored at 4°C, initial deaths begin to appear between 5 and 8 days though complete lethality was not always observed, even up to 36 days. Our original experimental setup contained no air due to concerns that planarians may crawl out of the water and dry out, which has been observed in other instances (Hagstrom et al., 2015). However, this did not appear to be an issue in our post-flight tests when volume was left for air.

Planarian Density

Related to the considerations above is the question of how many planarians should be used pertube. There is a trade-off between using more worms and thus getting more reliable data and compromising the individual's health by increasing the population density. Morokuma et al. (2017) used a density of 1 worm/2.5 ml Poland Spring water and 2.5 ml air for their initial water-air ratio tests and experiments with intact planarians, but in their regeneration experiments, 15 amputated pieces (heads, trunks, and tails) were placed in a single tube, resulting in a density of 1 worm piece/1.7 ml Poland Spring water/1.7 ml air. Gorgiladze (2008) reported using 1 trunk piece/2 ml fresh water. In contrast, we used nearly double that density by placing 1 tail in 0.8 ml CG water. Previous experiments (Carter et al., 2015) have shown that the carrying capacity of D. japonica, the species used in this study and by Morokuma et al. (2017), is twice that of D. tigrina, used by Gorgiladze (2008), suggesting that we should be able to use higher densities without compromising worm viability. The reason for choosing this higher worm density was based on two considerations: (1) Our preliminary experiments revealed no difference in worm health when comparing 5 vs. 10 worms in the same volume of water. (2) To account for the possibility that some planarians may die over the course of the experiment, 10 worms increased the likelihood of obtaining survivors upon space travel completion. Of note, while we were restricted to a single FME tube with 9.2 ml maximum volume in this SSEP study, the other two studies were able to use one 50 ml (Morokuma et al., 2017) and six 20 ml tubes (Gorgiladze, 2008), respectively.

Other Considerations That May Improve The Success Rate of Live Biological SSEP Experiments

The most important change which we expect to significantly improve the success rate of biological experiments, besides shorter transportation times, is a requirement to report the SSEP project results and make this information publicly available. This will allow future research to build upon the experience of prior experiments. We therefore suggest that the SSEP requires a short summary write-up of the results of all participating teams that can then be posted on its website.

There are a few other issues that would be worth exploring for future experiments. Biological samples for SSEP are currently transported in a specialized cold package, FedEx Temp-Assure, which keeps the shipment at a constant temperature of 2–8°C. Such variance in temperature during transport for the flight experiment is suboptimal. Similarly, the temperature of the ground truth experiment likely also fluctuated, since the samples were stored in a common laboratory refrigerator or cold room (post-flight experiments), respectively. In both cases, opening of the door will lead to temporarily higher temperatures. Morokuma et al. (2017) used a temperature-controlled portable incubator for their experiment. While such an incubator is likely outside the budget for SSEP Missions, it would be worthwhile to conduct pre-flight experiments to evaluate the effect of temperature fluctuations on the samples.

Thirdly, the currently limited options for timing of crew interactions is not ideal to track planarian regeneration. Crew interactions were limited to only 5 options provided by the SSEP: day of arrival on the ISS, 2 days post-arrival, 2 weeks prior to undock, 5 days prior to undock, and 2 days prior to undock. For the purposes of studying planarian regeneration, which takes about 7 days, only the 2 week prior to undock interaction was appropriate, although this can vary from 2 to 4 weeks of microgravity exposure. Adding this broad time window to potential delays in launch or transportation thus can significantly alter the timeline of the experiment and cause experimental milestones to deviate from initial plans. A crew interaction of 7 days post-arrival would be ideal to increase the viability of the experiment and minimize the time the live worms are in the enclosed FME mini lab. Furthermore, longer regeneration times may also obscure any possible regeneration delays that may occur as a consequence of microgravity exposure.

Proposed New Working Protocol

Based on our post-flight experiments, we propose that the transport time at 4°C should be minimized as much as possible. Since this is not always under the control of the individual research teams, we also suggest a few modifications to optimize the current protocol. We propose that addition of air in the FME set-up would provide a greater chance of success. This would mean using 6 ml CG in the 8 ml compartment. Due to the smaller volume of water, one could also adjust the amount of formaldehyde in the second compartment, thus saving resources. Due to the constraints of the SSEP experimental timelines, the addition of formaldehyde to the mini-lab is necessary to be able to stop the experiment mid-flight. This would, thus, decrease the time the worms are enclosed and halt regeneration after a sufficient period. While having a generally negative effect on planarian health, our post-flight tests indicate that some planarians can survive in the FME tube with formaldehyde in the second chamber (Figures 4E,F). Although we observed some regeneration defects in the ground controls under these conditions, the prevalence of defects can still be compared between Space and Earth samples to decipher the effects of microgravity on planarian regeneration. Since the viability of the worms seems to be largely affected by chance, we suggest still using 10 D. japonica tails for each experiment to maximize the chance that enough will survive to provide conclusive data. Because of this randomness, it would also be highly beneficial if teams could send two FME tubes to the ISS instead of the current one. Executing a single experiment is not customary or sufficient in most sciences. Therefore, allowing for two tubes would also incorporate the concept of experimental replicates, thus more closely mimicking professional science conditions.

In summary, our data suggests that using these proposed changes (addition of air, 2 tubes instead of 1) and a shorter experimental timeline (ideally ≤ 2 weeks at 4°C and 1 week at RT under microgravity conditions) would greatly improve the chance of obtaining meaningful data. Importantly, the proposed changes increase the chances of successful regeneration in the controls, which is a necessity for accurate interpretations as a high defect rate in ground control experiments would obscure the interpretation of defects observed in the space samples.

Value of Project For Middle School Student Scientists

The value of the SSEP is clearly (1) the potential gathering of new knowledge about the effects of microgravity on various processes, and (2) the impact this program has on student development and future trajectories. Although our study on the effect of microgravity on planarian regeneration was inconclusive, the SSEP did offer us an invaluable journey to experience the work of “real scientists.” We learned to critically design an experiment within financial, logistical, and technical constraints to explore an outstanding scientific question, “How does microgravity affect planarian regeneration?”, and were provided with the unique opportunity to have our experiment performed on board the ISS.

Our hands-on experience through this STEM education initiative opened our eyes to what science has to offer and has changed our views by allowing us to dig deeper, giving hands on experience and insight into what “real” science looks like, and discover not only how, but why many things work together and in harmony. Furthermore, SSEP greatly impacted our career plans, teaching us the importance and value of the team experience, which allowed us to work collaboratively with not only students but professionals, and improved our writing and presentation skills. We also learned to appreciate when students have the same mindset, and strive for different perspectives and views. Further remarks from the professional researchers' perspectives can be found in the Appendix.
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APPENDIX

Remarks on the Journey of the Mission 11 Team from the professional researchers' perspective.

Following the spirit of the SSEP program to give students a “real scientists' experience” and as part of this special issue aimed at highlighting the contribution of “Women in Science”, this article was jointly written by the 5 female students (aged 11–13), their female teacher, and us, their professional female mentors, with the aim to accomplish two things: (1) to report why planarian regeneration experiments conducted within the constraints of these educational programs are prone to fail. (2) To document the young students' journey of persistence and discovery, and the importance of mentorship on the path to becoming a scientist. Notably, by co-writing this article, the students were also introduced to the process of scientific writing. Below we provide some context on the background of this collaboration and our experiences as mentors to these students.

For the 2017 SSEP Mission 11, student teams from participating communities were given 9 weeks to design and propose experiments which, if selected, would fly in low Earth orbit aboard the ISS to test the effects of microgravity. Each community's flight experiment was selected through a formal two-step proposal review process (see SSEP website for details). Our team of 5 female students was selected for SSEP Mission 11 in the Vista, CA community. One of these students had previously led a team of two that applied for SSEP Mission 8 but their proposal, although being the top proposal from the school, was denied at the school administration level. Importantly, the original team leader persevered, recruited four more girls, and tried again, leading to the work reported here.

By engaging in a community-wide competition via submission of a 2000+ word research proposal, the students learned the value and necessity of strong writing and communication skills in science. The program further encouraged student teams to reach out to local and international researchers for advice and mentorship, thus connecting K-12 science education to the professional scientific community. Finally, the students were provided the opportunity to travel to the Kennedy Space Center to watch the SpaceX CRS-12 launch with their experiment on board, and to present to a scientific community at the annual SSEP National Conference at the Smithsonian's National Air and Space Museum in Washington, D.C.

The connection between the authors of this study was first established in 2015, when the two “founder students” sought advice for their original proposal for SSEP Mission 8. The students' perseverance and enthusiasm, as well as the passionate dedication of their teacher, has fueled this collaboration since and ultimately culminated in this article.

Through this joint article, we wanted to teach them that a lot can be learned from scientific failures and that publishing such knowledge can be beneficial to future research and the scientific community – in addition to introducing them with a “hands-on” experience to writing a scientific paper.

To us, as professional female scientists, the opportunity to mentor these young female students was particularly important. So far, these students report that they “have never felt any restrictions on going into science because of [their] gender”. Research experiences and mentorship opportunities, such as those provided by the SSEP, aim to foster this sense of inclusion in the sciences so that these students hopefully will never experience exclusion. The drive, curiosity, and perseverance of these young student scientists is a testimony to what our next generation of scientists, both male and female, can accomplish, especially with the help of passionate mentors, and an inspiration to every professional scientist.
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