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The proposed project will test the hypothesis that Ionizing Radiation (IR), microgravity, and social isolation combine
synergistically to trigger an oxidative stress response that alters immune homeostasis, brain structure and function, and
neurobehavioral and cognitive performance. Specific Aims for this project are: (1) Determine dose-response curves for
acute ‘Five-lon GCR (galactic cosmic ray) Simulation’ exposure for immune, brain, and performance responses in crew
age-matched adult male and female mice; (2) Determine effects of acute ‘Five-Ion GCR Simulation’ exposure singly
and in combination with simulated microgravity and social isolation, on immune, brain, and performance responses in
crew age-matched male and female mice mimicking deep space missions; and (3) Determine efficacy of the dietary
antioxidant, Nicotinamide Mononucleotide (NMN), a key intermediate in nicotinamide adenine dinucleotide (NAD+)
biosynthesis. The project relies on established and highly translatable ground-based mouse models and assays with IR
exposures to be performed at the NASA Space Radiation Laboratory (NSRL). The experimental approach will provide
definitive data on the timing and mechanisms involved in the oxidative stress response, immune, and brain changes, and
ensuing functional (behavioral/cognitive) impairments expected during human transit to Mars. This project will identify
potential immune biomarkers for, and mechanisms underlying, structural and functional changes in the immune and
nervous systems leading to behavioral/cognitive performance deficits, and its potential application to develop effective
countermeasures to mitigate negative health effects of long duration space habitation. This proposal addresses NASA’s
efforts to rapidly advance the characterization of risks and identifying appropriate countermeasures in anticipation of
future deep space missions. Ensuring crew health and performance during extended transits necessitates that
sensorimotor and cognitive abilities remain strong to avoid potentially catastrophic health and safety outcomes. Further,
despite historically low numbers of females astronauts, recent NASA Astronaut Corps class selections, comprised of
50% and 40% women as compared to men, signal the need to understand how sex and gender differences affect
physiological adaptation and health in the space environment. This integrative project, developed by a cross-disciplinary
team highly experienced in spaceflight and radiation research, utilizes established space biosciences research protocols
and variables, and time-honored, as well as modern, research methodologies. We will address major risks and associated
gaps: (1) Risk of Acute (In-flight) and Late Central Nervous System Effects from Radiation (CNS), (2) Risk of Altered
Sensorimotor/Vestibular Function Impacting Critical Mission Tasks (SM), and Risk of Adverse Cognitive or Behavioral
Conditions and Psychiatric Disorders that have been combined into the NASA CNS, BMed, and SM (CBS) Integrated
Research Plan. Here we have adhered to primary goals set forth in Human Exploration Research Opportunities (HERO)
Appendix A to determine how key features of the deep space environment may interact to increase risk to a crew by
negatively impacting health and performance, and we have identifed and developed strategies to characterize and
mitigate the potential risks via countermeasures.

Extensive progress was made during this reporting period on the first two project aims with two publications and
multiple abstracts focussed on acute GCRsim dose-response and combinatorial effects of spaceflight stressors (isolation,
simulated microgravity, and simulated galactic cosmic rays/GCRsim) on crew-aged mice. Data were collected on neural,
behavioral, and immune outcomes at varying timepoints in relation to spaceflight stressor exposure.

The Virtual NASA Specialized Center of Research (VNSCOR). The VNSCOR Team met extensively to discuss touch
points across the project and hone our experimental designs. The VNSCOR includes two species, mouse and rat, with
mature male and female subjects approximating crew ages, and six standardization protocols across three laboratories.
The timeline for the combined space stress model remains identical across groups with all animals experiencing each
stressor for identical lengths of time and at the same timepoints — this will allow a standard model at the NASA Space
Radiation Laboratory (NSRL) to be developed for future studies. According to this timeline, all Principal Investigator
(PI) teams will perform hindlimb unloading as the microgravity model, and irradiate all animals with the 5-ion GCRsim
at both a low (15 c¢Gy) and high dose (50 cGy) that most closely mimics the mission travel time to Mars. A slightly
lower protein diet, containing no estradiol, will be used to closely mimic the diet of astronauts and limit the effects of
circulating estrogen. Additionally, efforts are being made to create similar animal care and handling conditions. To
maintain all original grant aims, each group will return to their respective institutions and perform a minimum of two
identical behavioral assays to measure changes in sensorimotor (adhesive removal) and memory (novel object
recognition) functions. Using three Luminex-based arrays, each group will evaluate peripheral blood markers to
elucidate potential predictive biomarkers of behavioral performance. These data together, will be combined into a
predictive statistical model to identify potential biomarkers that may predict behavior decrements and neuroinflammation
across three institutions and two species.

Predictive modeling efforts are underway integrating multiple measures derived from the current project with planned
expansions across VNSCOR Teams.
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