Revealing the Role of Genetics in the Adaptation of Mammals to Spaceflight Factors
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Purpose
The purpose of this paper is to highlight the lack of information about the genetic influences on adaptation to the spaceflight environment, and to propose a framework for addressing this knowledge gap through a combination of ground studies and targeted spaceflight studies with rodents. We outline an example study that would identify the genetic determinants of bone remodeling and suggest that a similar approach could be used to tackle additional knowledge gaps.
This paper is a companion to two additional white papers on the application of quantitative genetics approaches to key space biology questions:
Advancing Space Life Science Research Using Drosophila melanogaster. Trudy Mackay, Janani Iyer, Siddhita D. Mhatre
Plant Quantitative Genomics in the Spaceflight Environment. Wolfgang Busch, Anna-Lisa Paul, Marcio Resende.
Background

Rodent Spaceflight Experimentation
The spaceflight environment, including microgravity, radiation, confinement, and other stressors, presents a number of health challenges. Mammalian model organisms can be studied to address health-relevant questions regarding adaptation to the spaceflight environment, and to develop countermeasures.  However, two limitations to the use of rodents in adaptation/countermeasure studies exist: 1) Not all relevant aspects of the spaceflight environment can be faithfully replicated on Earth (e.g., microgravity or its consequences) and 2) Limitations in the numbers of animals that can be flown have resulted in most experiments being performed with animals from a single inbred strain, leading to potentially misleading conclusions (Sittig  2016) and precluding a deeper understanding of the role of genetics in spaceflight adaptation.  Our broad proposal is that ground-based studies could be carried out to generate hypotheses regarding mammalian genetic and genomic influences on spaceflight adaptation, and that targeted (smaller sample size) spaceflight studies could be done to test these hypotheses. 

Strengths of Rodent Models
The choice of species for these studies will depend on the phenotype under study. While invertebrates or simple vertebrates may be useful for certain experimental questions, we anticipate that many biomedically important traits will require mammalian organisms to assure the greatest likelihood of translation to humans. The two most likely choices will be mice and rats, both of which have extremely well- developed genetic resources, including well-annotated genomes and transcriptomes as well as the availability of inbred and well-characterized outbred populations. In general, mice are typically used when possible because of their smaller size, which would be an especially important consideration when sending animals to space. However, rats are preferable for a number of behavioral and physiological traits where their greater behavioral repertoire and larger size are important advantages (Solberg Woods 2019). In particular, outbred populations like diversity outbred (DO) and HS/Npt heterogeneous stock mice and the N/NIH heterogeneous stock (HS) rats offer outstanding populations for mapping genetically complex traits (Saul 2019, find or delete this reference). Several studies have successfully mapped complex traits and identified underlying causal genes using both DO mice (Recla 2019, Ouellette 2020, Recla 2014) and HS rats (Rat Genome Sequencing and Mapping Consortium 2014, Tsaih 2014, Keele 2018, Chitre 2020, Keele 2021), demonstrating utility of these models.   Similar successes have also been shown in commercial outbred mice (Parker 2016, Nicod 2016) as well as advanced intercross lines (Gonzales 2018). In addition, laboratory mice and rats also offer large panels of inbred strains, which can be useful when the interaction between an environmental manipulation and genotypes are under study. 	Comment by Abraham Palmer: https://pubmed.ncbi.nlm.nih.gov/31133439/
Previous uses of Quantitative Genetics for Space Biology
We are aware of one example in which NASA has used the tools of quantitative genetics to answer fundamental questions about a health risk associated with spaceflight (Edmondson 2020). High-charge, high-energy (HZE) ions are a component of space radiation. Their health effects on humans are unknown because life on Earth is shielded from HZE ions by the Earth’s magnetic field.  Even astronauts aboard the ISS are afforded considerable protection.  However, beyond low Earth orbit that protection is lost and since HZE ions are capable of penetrating any practical level of spacecraft shielding.  Therefore, astronauts on lunar or interplanetary missions will be exposed to significant levels of HZE ions.  To date, NASA's only human experience with HZE ions at fluences found in deep space comes from astronauts who flew Apollo lunar missions.  But those missions were of very short duration, so the exposure doses were only a small fraction of what will be experienced by astronauts on currently envisioned missions.
The NASA Space Radiation Laboratory is a ground-based facility that provides investigators the capability to simulate space radiation, including HZE ions.  Exploiting this capability, Edmondson and colleagues (Edmondson 2020) performed a study to explore the relationship between genotype and susceptibility to radiation-induced cancers. They used a cohort of more than 1,800 outbred heterogeneous stock mice, divided into three treatment groups.  One group was irradiated with gamma rays, a common form of radiation whose health effects are relatively well understood.  Another group was irradiated with HZE ions and the third group was a sham control that was not irradiated.  The mice were monitored for tumors until they reached 800 days of age and any tumors that arose were characterized by histopathology.  The histopathologic results indicate that HZE ions do not cause unique tumors.  Using SNP genotype data, 51 quantitative trait loci controlling susceptibility to 11 tumor types were identified.  Unsupervised clustering revealed that for several tumor types the same susceptibility loci controlled the cancer outcomes for HZE ions and gamma rays indicating that HZE ions cause the same tumors as gamma rays through the same (or overlapping) pathways in these cases. Survival data also showed that life shortening is greater in females.  These findings validate key assumptions of the NASA risk model that females are at greater risk than males and that HZE ion risk can be extrapolated from gamma ray risks. Furthermore, the findings suggest that countermeasures for gamma ray exposures may also be effective against HZE ions.  Gamma ray countermeasures are already being actively pursued by other agencies.
Extending the use of Quantitative Genetics for Space Biology
Besides increased risk of radiogenic cancer, other long-term spaceflight health risks include cardiovascular injury, bone loss, and neurocognitive decrements.  Quantitative genetics studies using ground-based rodent models could be used in a similar manner to understand the degree to which each of these risks may be modulated by genetic susceptibility. By defining groups of genetically susceptible and resistant individuals, the effectiveness of countermeasures could also be explored.  The challenge for such approaches will be to develop experimental designs where the statistical power comes from ground-based studies which can be followed up using minimal numbers of mice or rats sent into space to verify the conclusions.  Fortunately, tools exist that make this possible.  What follows is a mock microgravity study that takes advantage of a hybrid approach using ground-based analogs for large-scale screens and flight experiments for validation.
Mock Study on Bone Strength
As an example, among the knowledge gaps in microgravity effects on bone strength are:
1.       Are preflight bone marrow density (BMD) or other measurements of bone strength or measurements of bone remodeling predictive of bone loss in flight and/or the extent of recovery post-flight? Note that this been examined in flight crews (see Gabel 2020) but by necessity this was a “small N” study and the phenotypes tested were limited to those that could ethically be quantified in humans.
2.       Which physiologic pathways determine the extent of bone loss due to microgravity?
3.       Which pathways determine the extent of recovery postflight?
4.      Are the same pathways used in mice also used in humans?  This is important because initial studies of novel pharmacologic agents would likely be done in mice
Filling these knowledge gaps would allow rational selection of potential pharmacologic and non-pharmacologic countermeasures against loss of bone strength. Also, because quantitative genetics approaches are partly agnostic with regard toregarding pre-existing biological knowledge, they will likely lead to novel pathways and the identification of genes that control those pathways.
Developing a study design employing quantitative genetics tools to address these knowledge gaps would begin with mining information on variations of bone mineral density and bone strength in genetically diverse heterogeneous stocks (Al-Barghouti 2021) and inbred strains of mice (https://phenome.jax.org/, search term “bone”).  Using approximately 300 male and 300 female DO heterogeneous stock mice Al-Barghouthi et al quantified 55 skeletal phenotypes related to bone strength in 5 categories: geometry, biomechanics, microarchitecture, marrow adiposity and histomorphometry.  These skeletal phenotypes give a more comprehensive view of bone strength than bone mineral density alone.  Cortical bone RNA-seq data were used to identify transcriptional co-expression networks leading to the discovery of 66 genes likely to be causal for bone marrow density loci previously observed in human genome-wide association studies.  In addition, 28 quantitative trait loci controlling bone strength associated traits were identified in the DO mice. 
Microgravity and reduced gravity are simulated in ground based rodent studies by hindlimb suspension or partial weight unloading harnesses.  The study described above could be repeated in mice subjected to 30 days of hindlimb unloading followed by 30 days of recovery to identify QTL as well as physiological networks and key genetic variations that determine bone loss and the extent of recovery from it.  Since these studies require longitudinal measures in the same mice only “non-destructive” phenotypes (those that don’t require euthanasia) would be measured at the baseline timepoint.
Studies of this type would identify genetically controlled pathways that determine the extent of bone weakening following unloading and the extent of recovery afterwards.  Some of these pathways are likely to be novel and may be “druggable”, thus pointing to potential countermeasures.
As noted above, hindlimb unloading is only a surrogate for true microgravity.  Validation of the results from the discovery phase of the study described above would require flight experiments.  Current ISS capabilities allow up to 40 mice to be flown at a time. This number is compatible with an experimental design that employs recombinant inbred strains derived from the heterogeneous stock used in the discovery phase.  These strains, known as Collaborative Cross (CC) strains, have been created for the DO heterogeneous stock.  A panel of ten CC strains would be selected to cover the phenotypic range seen in the traits assayed in the discovery phase.  Four mice from each of the 10 CC strains could then be flown to confirm the discovery phase results.  In addition, the selected CC strains could be used to systematically evaluate potential countermeasures. 
Conclusion
While there are presently gaps in our understanding of how genetic background affects adaptation to the spaceflight environment, quantitative genetic approaches with rodent models can be implemented within the logistical constraints of spaceflight experimentation through the combination of ground studies in a “discovery phase" and targeted spaceflight studies in a “validation phase”. While this paper specifically outlines an approach to address questions surrounding bone strength, and similar framework could be utilized to address additional questions.
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