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One of the main concerns for long-term deep manned space missions are health risks associated with altered
gravitational environment and prolonged exposure to low-dose radiation above levels normally found on Earth.
Microgravity and radiation exposure have been known to produce a number of neurological disturbances and
neurodegeneration by space flight condition. However, the pathophysiological process from adaptive response to
irreversible oxidative damage in the brain vasculature and the underlying mechanism(s) of these disturbances are less
studied and remain unclear.

Our proposal seeks to fill in the gap by testing the hypothesis that NADPH oxidase is a critical source of the
neurovascular oxidative stress following space flight conditions that mediates vascular remodeling in the brain, thus
disrupting communication between endothelial cells and astrocytes and altering production of extracellular matrix
(ECM) proteins. It is further proposed that these changes will contribute to increased vascular permeability and
blood-brain barrier (BBB) disturbance, thus resulting in neurological deficit.

Our specific aims are 1) Define the causal relationships between space flight condition induced NADPH oxidase
expression, vascular damage, and BBB function following microgravity and/or low-dose irradiation in mature mice using
neuropathology, stereological, and automated image analysis, and neurobehavioral outcomes. 2) Determine if space
flight condition-induced oxidative stress is mediated through NADPH oxidase in brain microvasculature.

Nox2 (a subunit of NADPH oxidase) gene knockout (Nox2(-/-)) mice, and wild-type (Nox2(+/+)) C57BL/6 mice will
be used in this ground-based animal study. Hindlimb unloading (HLU) will be used to model the unloading, fluid shift,
and physiological stress aspects of the microgravity component. Low-dose/low-dose-rate (LDR) gamma-irradiation (0.5
Gy at 0.01 cGy/h) will be delivered to the whole-body of mature adult mice to simulate the radiation component for over
21 days while the animals are tail-unloaded in cages for microgravity simulation. We will evaluate the radiation- and
microgravity-induced brain vascular and tissue remodeling at multiple time points (1 day to 12 months post-irradiation).

Together, our unique, integrative, and quantitative activities with advanced imaging techniques, stereological analysis,
and behavioral tests will provide insight into the molecular mechanisms of space flight condition-induced oxidative
damage on brain tissue and vascular remodeling. Understanding how factors and environmental stress impact on
vasculature, tissue remodeling, and function will increase our knowledge and focus toward more effective
countermeasures during human space flight and planetary exploration. Our study will also lend new insights into the
causes and possible treatments of debilitating neurovascular-related disease and neurodegeneration by targeting NADPH
oxidase activation.

Oxidative stress in central nervous system (CNS) is a major contributor to brain injury and aging. There are strong
indications that the physiological effects of space flight are similar to those seen in some neurodegenerative diseases and
aging: multiple sclerosis, Alzheimer’s disease, Parkinson’s disease, Huntington’s disease. Our study will provide the first
detailed description of combined effects of microgravity and LDR radiation on oxidative stress-induced brain tissue and
microvessel network remodeling and underlying mechanism(s) of potential interaction of space flight environmental
components over a 12-month observation period. Our research will provide important input to elucidate cellular pathways
of response and adaptation to stress imposed by environmental conditions in the brain vasculature. Understanding how
factors and environmental insults impact on vasculature and tissue remodeling and function will increase our knowledge
and help focus the approach toward more effective countermeasures during human space flight and planetary
exploration. Our study might also lend new insights into the causes and possible treatments of debilitating
neurovascular-related diseases and neurodegeneration.

FINAL REPORTING SEPTEMBER 2019

All the experiments and data analysis have been completed as planned. So far, we have finished four batches of
wild-type (WT) animal studies for specific aim 1, at 7 days, 1, 3, and 9 month time points and Nox2 knockout mice
study as proposed in specific aims 1 and 2. We have examined protein markers associated with the induction of
oxidative stress and apoptosis in the brain using immunostaining, metabolic response using metabolic biochemical
assays, hematological parameters, and behavioral responses after combined exposure to simulated microgravity and
low-dose radiation. Our data provide the first evidence that prolonged exposure to simulated microgravity and LDR
radiation is associated with increased oxidative stress biomarkers which may increase the likelihood of brain injury and
reduced antioxidant defense. NOX2-containing nicotinamide adenosine dinucleotide phosphate (NADPH oxidase) may
contribute to spaceflight environment-induced oxidative stress. These results suggest that microgravity may lead to
changes in exploratory/risk-taking behaviors in the absence of other sensorimotor or cognitive deficits and that
combined microgravity and a chronic, low dose of gamma radiation may lead to blood-brain barrier dysfunction. These
results have been published in four peer reviewed journals: Radiation Research, Nature npj Microgravity, PLOS One.

We have received supplement funding in October, 2017 to use"omics"-based molecular phenotyping approach for
identification and characterization of genomic signatures in eye and brain associated with low-dose radiation and
simulated microgravity at 1-and 4- month time points. Omics analyses were performed for full genome transcriptomics
including RNA-Seq HT Ribo-depletion library preps and RNA spike-control. DNA methylation of reduced
representation bisulfite sequencing (RRBS). The dataset has been submitted to NASA GeneLab site, through NASA IT
system. One manuscript titled: Mice Exposed to Combined Chronic Low-Dose Irradiation and Modeled Microgravity
Develop Long-Term Neurological Sequelae has been published in International Journal of Medical Sciences (IJMS) to
evaluate simulated radiation and microgravity induced changes in the brain related to cellular structure, oxidative stress,
immune response, and metabolic function.

ANNUAL REPORTING SEPTEMBER 2018: The purpose of this study was to determine whether nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase-derived stress can account for unloading- and radiation-induced endothelial
damage and neurovascular remodeling in a mouse model. Wild-type (WT, Nox2 (+/+)) C57BL/6 mice or Nox2 (-/-)

(B6. 129S6-CYBBM) knockout (KO) mice were placed into one of the following groups: age-matched control,

hindlimb unloading (HLU), low-dose/low-dose-rate radiation (LDR), or HLU+LDR simultaneously for 21 days, and
were then sacrificed 1 month later. Anti-orthostatic tail suspension was used to model the unloading, fluid shift, and
physiological stress aspects of microgravity. The LDR was delivered using 57Co plates (0.04Gy at 0.01cGy/h) to the
whole body in order to simulate the radiation experienced while in space. Brains were isolated for characterization of
various oxidative stress markers and vascular topology.
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We received supplement funding in October, 2017 to use “omics”-based molecular phenotyping approach for
identification and characterization of genomic signatures in eye and brain associated with low-dose radiation and
simulated microgravity at 1- and 4- month time points. Omics analyses performed were

* RNAseq for full genome transcriptomics including RNA-Seq HT Ribo-depletion library preps and RNA spike-control.
* DNA methylation of reduced representation bisulfite sequencing (RRBS).

The assay has completed and dataset are in the process of submitting to NASA GeneLab site, through NASA IT system.
Many canonical pathways were significantly activated/inhibited in the brain after HLU, LDgammaR, or the combination
of both. Most robust changes are observed in LDgammaR + HLU group compared to control. At 1 months, the
combination group induced significant activations of EIF2 phosphorylation signaling pathway in the brain, responsible
for chronic neurodegeneration. Cellular immune response pathways including leukocyte extravasation signaling, as well
as pathways responsible for cell growth, cell repair, and metabolic stress were also significantly altered compared to
controls. The mRNA expression for many genes regulating oxidative stress (e.g., GNRH1, UCN3), extracellular matrix
remodeling (e.g., Cldn3, FBLN1), endothelial cell biology (e.g., AQP1), and cognitive function (e.g., OXT, AVP) were
significantly changed (p<0.05) after HLU+ LDgammaR compared to control. Gene analysis of retina tissues also
showed that many key pathways responsible for photoreceptor function, oxidative stress, and metabolic function were
significantly different between LDgammaR + HLU and control (p<0.05).
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