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NOTE: Changed end date to 1/01/2022 per NSSC information (Ed., 3/12/21) 
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Mulavara, Ajitkumar  Ph.D. ( Universities Space Research Association )
Kernagis, Dawn  Ph.D. ( University of North Carolina ) 
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Performance Goal No.:  

Performance Goal Text:  

Task Description:

This original project is currently in no-cost extension, and a directed study is being performed, “Dose-Response
Relationship of CO2 and Glymphatic Function.” This Annual Report covers the directed study only, as a final report
has been previously submitted for the original project. Recent characterizations of glymphatic and meningeal lymphatic
systems in rodents and in humans has resulted in a re-evaluation of the anatomical routes for cerebrospinal fluid (CSF)
and interstitial fluid flow, as well as the physiological roles for these pathways in central nervous system (CNS) health.
Information on the brain glial lymphatic, or ‘glymphatic’ pathway in humans was published in just the past two years,
and described in mice in 2012 (Iliff et al. 2012, Iliff et al. 2013, de Leon et al. 2017, Ringstad et al. 2017). A bona fide
lymphatic vasculature lining dural sinuses and meninges was first described in mice in 2015, and 2017 in humans
(Aspelund et al. 2015, Louveau et al. 2015, Absinta et al. 2017). Fundamentally, research is needed to confirm whether
specific factors driving this flow in rodents also apply to humans. These questions have direct relevance to NASA
mission operations because, in addition to changing in response to irregular sleep patterns, it has been hypothesized that
changes in cerebral blood flow (CBF) and molecular signaling in response to exercise, hypo/hyperoxia, and
hypo/hypercarbia can have a significant impact on glymphatic function (Xie et al. 2013). No data currently exist
specific to glymphatic responses from hypercapnia in humans or in mice. It is compelling, however, that nearly half of
the subjects participating in a recent head down tilt bed rest campaign (“VaPER”), which combined 30 days of bed rest
with 0.5% CO2 levels, developed early signs of SANS (Laurie et al. 2019). These subjects also exhibited other “hits” in
Zwart and Smith’s multiple hit model of SANS, including B vitamin status and genotype for 1-carbon metabolism genes
(Zwart et al. 2019). Thus, it is important to examine whether elevated CO2 impacts clearance through the brain’s
glymphatic system, providing a potential mechanism through which elevated CO2 might be associated with SANS.
Therefore, in the current directed project, we are conducting a dose-response investigation of whether and how CO2
levels impact contrast clearance through the brain’s glympatic system. Preliminary results show clearance of injected
contrast through to various brain and optic regions over a period of six hours in ambient air. 
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Rationale for HRP Directed Research:   

Research Impact/Earth Benefits:
This research will examine brain function under various levels of CO2, providing data on the impact of hypercapnic
environments on the timeline for clearance of waste through the brain. 
  

Task Progress:

Wostyn et al. have proposed that impaired waste clearance from the brain and eye ocular contributes to Spaceflight
Associated Neuro-ocular Syndrome (SANS) (cf. (Wostyn 2018)). Moreover, the enclosed environment of the
International Space Station (ISS) results in elevated CO2 levels in comparison to ambient air on Earth, which is linked to
a greater incidence of headaches in the crew (Law 2014). Research with rodent models has shown that elevated CO2
impairs brain waste clearance (Goodman 2020). Moreover, a human neuroimaging study reports that brain structures
involved in waste clearance are enlarged when people breathe elevated CO2 (Zong 2020). Thus, it is essential to
examine whether elevated CO2 impacts clearance through the brain’s waste system, providing a potential mechanism
through which elevated CO2 might be associated with SANS. Therefore, in the current directed project, we will conduct
a dose-response investigation of whether and how CO2 levels impact brain waste clearance. 
Specific Aims: Aim 1: Characterize the dose-response effect of elevated CO2 on clearance of gadolinium contrast into
the human brain's glymphatic system over a period of approximately 24 hours. We hypothesize that increasing CO2
across three dose levels (1.0%, 1.5%, and 2.0%) will slow contrast clearance in a linear dose-response fashion. 

Aim 2: Assess changes in brain-derived stress biomarkers in the blood that correlate with neurological changes in
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response to elevated CO2. We hypothesize that increasing CO2 will lead to an increase in biomarkers in peripheral blood
in a dose-response fashion. Moreover, we predict that individual differences in these biomarkers will be associated with
individual differences in glymphatic clearance rates. 

Aim 3: Evaluate neurobehavioral responses in response to elevated CO2. We hypothesize that elevated CO2 will lead to
deficits in neurobehavioral function in a dose-response fashion. Moreover, we predict that individual differences in these
responses will be associated with individual differences in glymphatic clearance rates. 

We completed this study with MRI at 90 and 360 minutes after intravenous gadolinium injection. Delayed brain and
ocular signal enhancement is thought to reflect waste clearance. We found some structures that showed higher signal
enhancement and others that showed less signal enhancement when participants breathed elevated CO2 relative to
ambient air. 
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