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ABSTRACT 

 

Spaceflight poses a serious risk to human cardiovascular health in the form of 

microgravity-induced fluid shifts, exposure to ionizing space radiation, and unique 

environmental factors. The combinatorial effects of increased intracranial pressure and 

high pCO2 levels on the International Space Station have led to particular concern about 

cerebral arteries. Two prior studies aimed at examining specific spaceflight-induced 

changes in murine basilar artery function yielded very different results. Therefore, the goal 

of this study, part of the NASA Rodent Research 9 mission, was to investigate mechanisms 

underlying pathophysiological changes in the murine basilar artery and to clarify 

conflicting results from previous studies.  

 

To achieve this goal, we used the technique of wire myography to examine the structural, 

mechanical, and pharmacological properties of basilar arteries from mice that had 

experienced 33 days of spaceflight on the International Space Station. Spaceflown mice 

were compared to a habitat control group, which was exposed to matched environmental 

conditions but not microgravity and radiation, and a vivarium control group, which was 

exposed to none of the aforementioned stimuli. 

 

Although body weight, basilar artery diameter, and passive pressure-diameter relationship 

were not different between habitat control, vivarium control, and spaceflight groups, we 

found that spaceflight induced significant changes in the response of the murine basilar 
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artery to pharmacological agents. Vasoconstriction to U46619 and KCl was diminished to 

varying degrees in the spaceflight group, as was endothelial-independent vasodilation to 

DEA-NONOate. Endothelial-dependent nitric oxide-mediated vasodilation in response to 

acetylcholine, but not ADPβS, was shown to be reduced in the spaceflight group compared 

to the vivarium control group.  

 

Unaltered structural and mechanical properties and decreased U46619- and KCl-mediated 

vasoconstriction supplement results from a prior study of murine basilar arteries following 

spaceflight. Preserved vasodilation to ADPβS but not acetylcholine after KCl 

preconstriction may suggest that spaceflight differentially affects endothelial dilatory 

pathways. The decrement in endothelial-independent vasodilation, a feature never 

previously observed in spaceflown mice, presents a new dimension of spaceflight-induced 

vascular dysfunction.  
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1. INTRODUCTION AND LITERATURE REVIEW 

 

1.1 General Effects of Spaceflight 

The current NASA roadmap projects that human missions to Mars might occur by the 

2030s (1-3). Although this feat may be technologically achievable, the risk to human 

health is significant (4). With current technology, a round-trip mission to Mars would 

likely last 1-3 years and would traverse an environment that features dangerous ionizing 

radiation (2,4). The minimum duration for a Mars mission would thus rival the longest 

continuous human spaceflight of 437 days, a mission undertaken by Russian cosmonaut 

Valeri Polyakov on the Russian space station Mir (5,6). However, because Mir’s low orbit 

kept it protected by the Earth’s magnetosphere, Polyakov was largely shielded from 

harmful deep space radiation (7). Only 24 humans, the astronauts on the Apollo lunar 

missions, have ever experienced deep space radiation, and only for a maximum of 

approximately 12 days (8). Although controversial, it has been proposed that this short 

exposure time to deep space radiation may have induced lasting cardiovascular 

impairment in these astronauts (8). Thus, the challenge of maintaining astronaut 

cardiovascular health in deep space for a full year has been called the biggest obstacle to 

human exploration of Mars (4). For NASA’s current Mars mission timeline to be met 

(1,2), extensive physiological research is necessary. 

 

Although spaceflight evokes concerns about cancer risk (4,9), muscle and bone loss (10-

12), as well as neurological dysfunction (13,14), damage to the cardiovascular system may 
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pose an especially potent threat to humans on long-distance, long-duration missions (8). 

Significant changes in vascular function, including general cardiovascular deconditioning 

(15,16) and alterations in cerebral autoregulation (17,18), have been shown to occur in 

humans after long-duration spaceflight on the ISS (15,17-19), which like the Mir, orbits 

at low altitudes (20). The addition of ionizing space radiation can only exacerbate these 

symptoms. Further, it is possible that some severe but previously uncharacterized 

spaceflight-induced cardiovascular impairments will manifest in a deep space 

environment. For instance, spaceflight-induced loss in visual acuity was only recently 

characterized, as it only manifests after long-duration spaceflight (21). Although long-

term human bed rest studies have been used to study the physiological effects of 

spaceflight (12,22,23), any type of human cardiovascular study requires the use of 

minimally invasive procedures, preventing the examination of underlying mechanisms. 

Without understanding the mechanistic basis for cardiovascular changes, countermeasures 

to prevent those changes cannot be developed. 

 

Rodent models have given researchers necessary mechanistic insight into spaceflight-

induced cardiovascular changes (20,24-27). Ground-based rodent models of simulated 

microgravity and simulated space radiation have allowed researchers to generate and test 

hypotheses explaining observed changes in astronaut cardiovascular function (28-30). For 

example, studies of rodents exposed to simulated spaceflight helped to generate the 

hypothesis that orthostatic intolerance results from reduced lower-limb vasoconstriction 

(28-30), which was validated in subsequent studies of spaceflown mice (24,25). Studies 
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of isolated vessel function have been an especially useful type of experiment in elucidating 

spaceflight-induced cardiovascular changes (20,24-27). In contrast to histological or 

immunochemical assays, a functional vessel study allows researchers to examine vascular 

mechanics and vasodilator and vasoconstrictor responses, giving much better insight into 

overarching physiological alterations. Although only five isolated vessel studies of 

spaceflown animals have been published to date (20,24-27), these studies have contributed 

to our core understanding of the mechanisms underlying spaceflight-induced vascular 

alterations. This introduction aims to comprehensively review the results of these few 

isolated vessel studies of spaceflown rodents, to put those results into the context of 

astronaut and ground-based rodent studies, and to highlight how these studies provided 

new insight into cardiovascular physiology during spaceflight. In doing so, we hope to 

convey the integral role of rodent models in spaceflight research and the need for future 

rodent studies to ensure safe human exploration of deep space. 

 

1.1.1 The Structure and Function of Blood Vessels 

An overview of basic vascular structure and function provides a fundamental basis for this 

review of isolated vessel studies. Blood vessels are composed of a layer of longitudinally 

oriented endothelial cells (ECs) wrapped circumferentially by vascular smooth muscle 

cells (SMCs) (31). SMCs modulate vascular tone via changes in contractile activity. 

Mechanical or pharmacological stimuli could provide the impetus for the altered 

contractile activity (32-34), but regardless of the source, SMC contraction is mediated by 

depolarization followed by release of calcium from intercellular stores (32). Cytosolic 
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calcium binds to calmodulin, which promotes the activity of myosin light chain kinase 

(MLCK), promoting cross-bridge formation and SMC contraction, thus increasing 

vascular tone (34). 

ECs regulate vascular tone through a variety of vasodilatory mechanisms including nitric 

oxide (NO) and endothelium-derived hyperpolarization (EDH) signaling (31,35-37). NO, 

a small molecule produced by nitric oxide synthase (NOS), diffuses from ECs and acts on 

soluble guanylyl cyclase (sGC) of adjacent SMCs (38), initiating a signaling cascade that 

results in myosin light chain phosphatase (MLCP) activation, SMC relaxation and 

decreased arterial tone (34). EDH, a hyperpolarizing current facilitated by the efflux of K+ 

ions from the endothelium, is communicated from ECs to SMCs through gap junctions at 

the myoendothelial junction, a heterocellular interface (31,35,36,39,40). SMC 

hyperpolarization reduces calcium influx through voltage-gated calcium channels, which 

decreases SMC cytosolic calcium concentration, promoting SMC relaxation and 

decreased arterial tone (31,35,36,39,40).  

Vascular tone determines the resistance of a vessel to blood flow, thus governing the 

amount of blood a tissue receives (31). On Earth, vascular tone dynamically changes with 

changing posture (41), physical activity (42), and environmental factors (43), among other 

stimuli. The ability of vessels to regulate tone is vital in regulating blood flow to tissues 

and organs; vascular dysfunction may alter blood flow distribution, leading to further 

pathologies (44,45). The two factors unique to spaceflight that may influence vascular 

tone are microgravity and space radiation (8,46); as a result, studies generally focus on the 
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influence of one or both of these factors. However, spaceflight inevitably comes with a 

host of other stressors, including dietary changes, inactivity, stress from isolation, and 

altered atmospheric gas composition, the effects of which cannot be separated from effects 

of microgravity and space radiation (47). The following sections provide an overview of 

the major factors that should be considered when interpreting the results from any 

spaceflight study. 

 

1.1.2 Space Radiation 

Space radiation, a risk factor unique to the extraterrestrial environment, presents a 

substantial risk to human health. Space radiation can come from galactic cosmic rays 

(GCRs), streams of high energy particles from outside our solar system; solar particle 

events (SPEs), our Sun’s emission of high energy particles; and the Van Allen belts, 

regions of captured radiation surrounding the Earth (48,49). Trapped radiation surrounds 

other planets as well, which could present a fourth source of extraterrestrial radiation for 

future long-distance spaceflight missions (48). Radiation in the extraterrestrial 

environment is not only present in high levels; it is also highly biologically potent (50). 

Some forms of space radiation are classified as high-linear energy transfer (LET) 

radiation, in contrast to a form of radiation like gamma rays, which is classified as low-

LET (8). Linear energy transfer refers to the amount of energy that radiation can impart to 

a substance over a given path length (50). Low-LET radiation transfers energy to an 

exposed substance over a large area, therefore causing more diffuse damage, while high-

LET radiation transfers its energy to the exposed substance over a smaller area, causing 



 

 6 

focused damage (48). While the extraterrestrial environment consists of both high- and 

low-LET radiation, high-LET radiation poses the more significant threat to astronaut 

health (50). Although protons (an electron-deficient hydrogen atom) and alpha particles 

(an electron-deficient helium atom) comprise most high-LET space radiation, HZE (High 

atomic number [Z] and energy) particles (electron-deficient atoms larger than helium) are 

the most unique and dangerous form of high-LET space radiation (50). HZE particles 

originate almost exclusively from GCRs and are relatively rare in the milieu of 

extraterrestrial radiation, of which they only comprise less than 1% (50). However, these 

highly-charged, highly energetic molecules readily pull electrons from substances they 

encounter, ionizing and disrupting biological structures like DNA (48). Some larger and 

thus more potent HZE particles like 56Fe comprise a significant portion of extraterrestrial 

HZE particles and are considered particularly threatening to humans (50). It has been 

estimated that on a long-duration spaceflight, an HZE particle would, on average, traverse 

the nucleus of every cell in an astronaut’s body (4). Shielding from HZE particles is 

currently not feasible, presenting a major risk to astronauts (4).  

The magnetosphere serves as Earth’s protective barrier from almost all forms of space 

radiation (7). The influence of the magnetosphere declines with distance from the Earth’s 

surface but still provides adequate radiation protection to astronauts in Low Earth Orbit 

(LEO) on the International Space Station (ISS), which orbits about 400 km from the 

Earth’s surface (7). While astronauts on the ISS are exposed to a daily level of radiation 

approximately 10 times greater than on Earth (49), the radiation level on the ISS does not 

match the radiation that would be experienced in deep space on a mission to Mars (51). 
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Nearly all examination of spaceflight-induced changes in physiology have been performed 

after spaceflight on the ISS, meaning that our understanding of the effect of deep space 

radiation on the cardiovascular system is negligible.  

 

Radiation is known to impair the cardiovascular system by damaging ECs (52,53). 

Epidemiological studies of survivors from atomic bomb detonations at Hiroshima and 

Nagasaki have indicated that radiation increases the risk of mortality due to cardiovascular 

disease, particularly hypertension and myocardial infarction (54-56). Similarly, cancer 

survivors treated with radiation therapy display increased risk of coronary artery disease 

and other vascular dysfunctions (57,58). In these radiation therapy patients, EC-dependent 

vasodilation has been shown to be decreased (52); at least one study suggested that the 

decrease may be due to a loss of NO-signaling (53). One study of the Apollo lunar 

astronauts suggested that deep spaceflight for only 12 days may have permanently 

impaired the cardiovascular system, resulting in increased risk of cardiovascular disease 

mortality (8). Although met with opposition (59), the premise of the study is very 

reasonable, as studies employing a mouse model show that a single 10 minute exposure 

to 56Fe particles causes increased levels of oxidative stress indicators that persist for at 

least six months after treatment (8). However, only a few studies have examined the effect 

of vascular function after high-LET radiation, partially because very few research centers 

in the world have the capability of generating HZE radiation (8,60). An additional obstacle 

in space radiation research is the complexity of GCR radiation; different studies employ 

different proportions of HZE ions at different doses for different amounts of time, which 
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may confound the results (8,14,61). Consistency in methodology may lead to more 

reproducible outcomes. 

 

1.1.3 Microgravity 

The second unique stressor experienced during spaceflight, microgravity, has been studied 

far more extensively and is better understood than space radiation (46,47). Microgravity 

is simply an environment with minimal or zero gravitational force (46,47). The most 

prominent physiological change accompanying exposure to microgravity is the cephalic 

fluid shift, a condition in which bodily fluids, no longer constrained by gravity, shift from 

the lower extremities to the upper extremities (46,47). The human body is adapted to a 1-

G environment, so exposure to microgravity induces abnormally high volumes and 

pressures in the head and neck and abnormally low volumes and pressures in the legs 

(46,47). Microgravity is known to induce a variety of adverse effects on human 

physiology, contributing to bone loss (62), muscle atrophy (12,22), neurological 

dysfunction (13,14), and cardiovascular impairments (46,47). Some of these adverse 

effects have been addressed, as countermeasures aimed to prevent bone loss and muscle 

atrophy have been developed; these countermeasures include exercise and 

pharmacological supplementation (62,63). Although these countermeasures do not 

completely eliminate the adverse effects of a microgravity environment, they are effective 

in mitigating the damage. 
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Duration of spaceflight seems to determine the magnitude of the vascular changes that 

occur in astronauts, and this time-dependent phenomenon is thought to be related to the 

body’s adaptation to the altered fluid distribution (64). Some vascular changes exhibit a 

dichotomous response: after a 2-3 week spaceflight, middle cerebral artery (MCA) blood 

flow velocity is enhanced (17), but after a 6-month spaceflight, MCA blood flow velocity 

is decreased (19). In contrast, other vascular changes are amplified over time; for example, 

the incidence of orthostatic intolerance rises from approximately 20% to over 60% as 

length of spaceflight increases from 2-3 weeks to 4-6 months (15). Some vascular 

pathologies, like spaceflight-associated neuro-ocular syndrome (SANS), which is 

characterized by a loss of visual acuity, do not even manifest on short-term spaceflight but 

cause severe problems after long-duration spaceflight (21,64). The addition of deep-space 

high-LET radiation to these time-dependent, fluid shift-induced vascular changes will 

likely magnify the effect of detrimental vascular pathologies. 

 

Both human and rodent models of the microgravity-induced cephalic fluid shift have been 

developed. The bed rest model, the most widely employed human model of microgravity, 

requires subjects to remain immobile for up to 6 months; variations of this model include 

a 6° head-down tilt to exacerbate the fluid shift. While this model does recapitulate bone 

loss (62), muscle atrophy (12,22), and cardiovascular deconditioning (23), invasive 

techniques cannot be used on human subjects. As a result, the hindlimb unloading (HU) 

model has been developed for use as a rodent ground-based analog of the microgravity-

induced cephalic fluid shift (65-67). In this model, a rodent is suspended by the tail at a 
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35° angle, relieving its hindlimbs from bearing any weight (65-67); muscle atrophy (68), 

bone loss (69), and general cardiovascular deconditioning are all observed (70,71). 

Importantly, the HU model allowed vascular researchers to characterize structural and 

pharmacological responses of isolated vessels from rodents exposed to simulated 

spaceflight for the first time (28,72). This led to greater mechanistic understanding of 

spaceflight-induced vascular changes (28,30,72) and the development of countermeasures 

to address those changes (46,47). 

 

1.1.4 Other Effects of Spaceflight 

Though microgravity and radiation are the two unique stressors associated with 

spaceflight, they are not the only factors that influence the vascular physiology of 

astronauts (46,47). Changes in diet, atmospheric gas composition, activity levels, and 

mental stress are a few of the many factors that must be considered when viewing an 

astronaut’s health holistically (46,47). However, the most relevant change with respect to 

vascular function is likely the partial pressure of carbon dioxide (pCO2) present in the 

spacecraft (26). One study of ISS conditions found that pCO2 averaged approximately 3.4 

mmHg and fluctuated between 1 and 8 mmHg (73). Another study found that the pCO2 of 

the ISS was approximately 2.5 mmHg (26). Compared to Earth’s ambient pCO2 of 

approximately 0.23 mmHg (26), these values are incredibly high and could have serious 

consequences for cerebral arteries, which are particularly sensitive to CO2 levels (74-76). 

In fact, a recent study has attributed frequent reports of astronaut headaches to be a side 

effect of high pCO2 levels (73); personal accounts even claim that high CO2 levels on the 
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ISS were not only noticeable but also cognitively impairing (73). A human study of 23-

day exposure to 5.3 or 9.1 mmHg pCO2 showed that MCAs displayed increased blood 

flow velocity in the first 1-3 days of treatment; headaches were a frequent occurrence for 

the subjects at this time (77). Overall, pCO2 levels must be considered when evaluating 

the results of spaceflight studies, especially of cerebral arteries, as high pCO2 alone can 

induce significant vascular changes. Although no evidence directly connects space-related 

stressors like dietary changes, activity level changes, mental stress from isolation, etc. to 

vascular impairment, these kinds of variables must also be considered to be important to 

spaceflight studies, as they cannot be excluded from the experimental design and may 

subtly alter results.  

 

In rodent spaceflight studies, researchers are able to record the temperature, humidity, and 

pCO2 experienced by the spaceflown animals (20,26). These environmental conditions 

can then replicated in a control group called the habitat control group (HC), an age-

matched cohort control group housed in identical cages and given the same food as the 

spaceflight (SF) group (20). Theoretically, use of the HC group should control for all 

experimental variables except microgravity and space radiation, allowing researchers to 

examine the specific effects of these two unique stressors (20,24-26). Rodent spaceflight 

studies later began employing a second type of control group as well, the vivarium control 

(VC) group (20). Use of the VC group, an age-matched cohort control group housed in 

conventional cages, allows researchers to ascertain if an environmental factor like pCO2 

altered the vascular response; a difference in vascular response between HC and VC 
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groups indicates the influence of some environmental factor besides microgravity and 

radiation (20). Early studies only employed the HC group and referred to them as simply 

the “control group (24-26);” however, throughout this work, we will refer to any 

specialized control groups as HC groups and any traditionally housed control groups as 

VC groups. 

 

1.2 Lower-Limb Vascular Alterations 

Not long after the first studies of isolated vessels from HU rats (28,72), a paradigm of 

regional vascular alteration in both humans and rodents (78-80) was established and has 

persisted (64). In general, lower-body vasculature was thought to exhibit decreases in 

resting diameter (78-80), SMC thickness (78,80,81), and vasoconstriction (29), while the 

vasculature of the upper body was thought to exhibit increased resting diameter (80,81), 

SMC thickness (80,81), and vasoconstriction (80) due to the cephalic fluid shift 

experienced in spaceflight. Although later studies of spaceflown animals (20,26) led to re-

evaluation of this paradigm, it shaped the literature on spaceflight-induced vascular 

alterations. More importantly, the paradigm was not entirely incorrect, as different 

anatomical regions do indeed display some different responses to spaceflight (64). As a 

result, this discussion will feature a similar dichotomy; it will focus first on the lower-

body vasculature, focusing on gastrocnemius feed and mesenteric arteries, then move to 

upper-body vasculature, focusing on the arteries of the head and neck.  

 

 



 

 13 

1.2.1 Orthostatic Intolerance in Astronauts 

Post-spaceflight orthostatic intolerance, the inability to maintain a standing posture upon 

return to Earth, was one of the first space-related cardiovascular dysfunctions to be 

diagnosed (82). Orthostatic intolerance is characterized by symptoms of presyncope, 

including increased heart rate, increased pulse pressure and highly variable blood pressure 

upon assuming a standing posture (47). Early reports from Mercury missions indicated 

symptoms of orthostatic intolerance after very short spaceflights (82). Astronaut Gordon 

Cooper exhibited a heart rate of 188 beats per minute and abnormal blood pressure 

fluctuations after the Mercury 9 mission, a spaceflight of only 34 hours (82,83). 

Researchers at the time postulated that reduced or impaired arterial or venous 

vasoconstriction could be the underlying cause of the dysfunction but had no mechanistic 

evidence upon which to base this hypothesis (83). As mission duration lengthened, 

orthostatic intolerance became more severe. In the era of Space Shuttle missions, one 

study reported that 9 of 14 astronauts (64%) could not stand upright for 10 minutes on the 

day of the shuttle landing (15). In a study examining a cohort of astronauts who had 

experienced both short-duration (1-2 weeks) and long duration (4-6 months) spaceflight, 

researchers found that 5 of 6 astronauts displayed orthostatic intolerance upon returning 

from long duration spaceflight, while only 1 of 6 displayed orthostatic intolerance after 

the short duration flight (84). Studies indicated that a loss of peripheral vascular resistance 

mediated the symptoms of the vascular dysfunction (16). However, examination of human 

subjects did not permit researchers to elucidate the exact mechanisms of orthostatic 

intolerance.   
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1.2.2 Hindlimb Unloading: A Rodent Model of Orthostatic Intolerance 

To address the mechanism underlying orthostatic intolerance, the HU rat model was 

employed. Early studies showed that whole-body blood flow distribution was altered in 

HU rats and general cardiovascular deconditioning occurred (70,71,85), generally 

matching symptoms observed in post-spaceflight astronauts (15). With confirmation that 

the HU model recapitulated human physiological responses to spaceflight, studies on 

isolated arteries began to reveal mechanisms underlying microgravity-induced alterations. 

Two studies of the HU rat aorta showed for the first time that isolated vessels from animals 

subjected to simulated microgravity did indeed show diminished vasoconstriction (28,72). 

Importantly, diminished vasoconstriction occurred in response to all vasoconstrictors 

employed in the study, indicating that mechanisms intrinsic to the vessel, not 

norepinephrine (NE) levels or adrenergic receptor distribution, caused the changes in 

responsiveness (28,72). Studies of the aorta also suggested that the reduction in aortic 

vasoconstriction was endothelial-independent (28,86). Vasodilation to both EC- and 

SMC-mediated agents was also impaired in the HU rat aorta, (72) and it was shown that 

aging causes similar vascular responses as HU (72), a finding implicating oxidative stress 

as causative factor in spaceflight-associated vascular pathologies.  

 

After it was shown that the aorta displayed diminished vasoconstriction after HU, isolated 

vessel studies were then performed on arteries from the hindlimb of the rat, as these 

regions should theoretically be more affected by the cephalic fluid shift than the centrally-

located aorta (29,30,87). Results showed that skeletal muscle arteries in the gastrocnemius 
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displayed a reduction in intraluminal diameter, SMC layer thickness, and decreased 

responsiveness to multiple vasoconstrictors after simulated microgravity (29,78,81). 

Studies of mesenteric arteries indicated that simulated microgravity caused a diminished 

myogenic response at lower pressures and also reduced the vascular response to multiple 

vasoconstrictors (30,87). Studies of mesenteric veins also showed a diminution in 

vasoconstriction and myogenic response (30,87,88), which correlated with decreased 

ryanodine receptor 2 (RyR2) expression (30), indicating a loss of calcium homeostasis in 

SMCs of HU animals. Interestingly, mesenteric and femoral lymphatic vessels also 

showed significant deficits in function, as their ability to efficiently pump lymph was 

diminished after simulated microgravity (89). In sum, evidence from simulated 

microgravity experiments support the hypothesis that lower limb vasoreactivity is 

diminished during spaceflight and therefore could contribute to orthostatic intolerance. 

 

1.2.3 The First Study of Spaceflown Rodents: Mesenteric Arteries of Hypertensive Rats 

The STS-80 mission, the first to send rodents to space with the purpose of examining 

vascular function upon landing, was launched on November 19, 1996 (27). The Space 

Shuttle Columbia carried in its payload a cohort of 14 male 7-week-old spontaneously 

hypertensive rats. After spending 18 days in LEO orbit docked to the ISS, Columbia 

landed at Kennedy Space Center in Florida on December 7th. Physiological experiments 

began within 3-4 hours and employed the technique of pressure myography. The 

mesenteric arteries of spaceflown and ground-based rats were not different in diameter or 

wall thickness, indicating that no vascular remodeling had occurred. Similar to results 
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observed in HU rats, the mesenteric arteries of spaceflight-exposed rats exhibited 

diminished vasoconstriction to NE. The responses to both the endothelium-dependent 

vasodilator acetylcholine (ACh) and the endothelium-independent vasodilator sodium 

nitroprusside (SNP) were shown to be impaired by spaceflight.  

 

The use of spontaneously hypertensive rats to examine vascular function presents an 

obvious confounding factor in these results. Although an impaired response to both 

vasoconstrictors and vasodilators was consistent with results observed in VC animals 

(30,87), the pathology of the animals prevented extrapolation of these results to wild-type 

rats. Unfortunately, NASA subsequently transitioned to using mice as an experimental 

model for spaceflight studies, so the results from the STS-80 study have not yet been 

verified in a wild type rat model. Since a substantial proportion of the spaceflight literature 

relies on data from HU rat studies, the lack of reliable rat spaceflight data represents an 

important gap in the literature. Mice are known to display different vascular changes in 

true spaceflight compared to HU (26), and the same may be true for rats. Although the 

experimental model is not ideal, the results of the STS-80 study do have relevance, since 

it was the only study to examine endothelial cell function after spaceflight until the Bion-

M1 mission (20).  

 

1.2.4 STS-131: The First Successful Murine Spaceflight Mission 

The first study examining spaceflown mice was the STS-131 mission, aimed at elucidating 

changes in vasoreactivity of murine gastrocnemius feed arteries (24). The Space Shuttle 
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Discovery carried 11 female 16- to 23-week-old C57Bl/6J mice housed in NASA’s 

Animal Enclosure Modules (AEMs) in its payload. The mice on this mission would spend 

a total of 15 days orbiting the Earth with Discovery docked to the ISS. Based on results 

from HU rat studies (29,78), researchers worked from the hypotheses that spaceflight 

would decrease the medial wall thickness and reduce vasoconstrictor responses to 

pharmacological agents and increasing intraluminal pressure. Contrary to their hypothesis, 

increasing intraluminal pressure from 0 mmHg to 140 mmHg did not differentially alter 

the diameter of the gastrocnemius feed artery in SF and HC groups (24). However, 

vasoconstriction of the gastrocnemius feed artery to NE and KCl were both significantly 

diminished in the SF group (24). To account for this dichotomous result, the authors of 

the study hypothesized that a different pool of intracellular calcium might be responsible 

for the lack of alteration in myogenic response, explaining why that response was not 

impaired in spaceflown animals. It was shown that mRNA expression of both ryanodine 

receptor (RyR)-2 and RyR-3 was decreased, offering a mechanism by which 

pharmacological vasoconstriction might be diminished. Though RyR expression had not 

been previously examined in hindlimb arteries, a study of HU rat mesenteric arteries also 

found diminished RyR-2/3 expression (30). In accordance with prior studies (30), it was 

shown that SERCA2b expression was not reduced by spaceflight, ruling it out as a source 

of calcium dysregulation. Additionally, the passive pressure response curve, performed in 

zero calcium solution and in the presence of SNP, did not differ between spaceflight and 

habitat control animals. Further, neither medial wall thickness nor vascular tone were 

altered by spaceflight. Altogether, it was concluded that spaceflight does not induce 
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structural remodeling of the gastrocnemius feed artery, as initially hypothesized. Rather, 

the dysfunction seems to be mechanistically related to alterations in calcium handling.  

 

The results of the first true study of spaceflown mice were largely comparable to results 

from HU rat studies with a few significant differences. The overall reduction in 

vasoconstrictor response and RyR-2 and RyR-3 levels was similarly observed in both 

models (24,30), and cell-based studies had also predicted that spaceflight would alter 

calcium dynamics (90,91). The lack of structural change in the gastrocnemius feed artery 

was suggested to be due to the use of a mouse model rather than a rat model, as the greater 

fluid volume of a rat is likely to induce a proportionally greater impairment in vascular 

structure (92). Subsequent studies in mice, rats, and rabbits subjected to HU have 

supported this conclusion (92). In addition to the incongruity between vascular responses 

of rats and mice, other aspects of the animal model warrant consideration. While important 

for elucidating gender differences, the use of female mice in the STS-131 study contrasts 

with almost all prior HU studies, which generally employ male rats. As some evidence 

suggests a gender difference in the development of orthostatic intolerance (16,93), the sex 

of the animal model is a critical variable. The STS-131 flight duration of 15 days compares 

favorably to most HU studies, in which animals are most often treated for 14 days. 

Importantly, in this study no VC group is used, so although environmental conditions like 

pCO2 levels on the ISS were controlled for, their effect could not be quantified.  
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1.2.5 STS-131, STS-133, STS-135: An Investigation of Mesenteric Vessels 

Mesenteric arteries from mice flown on NASA’s STS-131, STS-133, and STS-135 

missions were used in an examination of the effect of spaceflight and ground recovery on 

mesenteric arteries and veins (25). Both the STS-133 and STS-135 missions lasted for 13 

days and employed the Space Shuttles Discovery and Atlantis, respectively. Results 

obtained from the mesenteric arteries were similar to those obtained from the 

gastrocnemius feed artery. Similar to gastrocnemius feed arteries from STS-131-flown 

mice and mesenteric arteries from HU rats (24,30,87), vasoconstriction to both NE and 

KCl was shown to be diminished, suggesting a calcium handling dysfunction. In 

accordance with prior results (24,30,87), RyR downregulation was indicated as a possible 

mediator of impaired vasoconstriction, although results indicated that RyR-3 may be more 

significantly affected than RyR-2 (25). To further support the hypothesis that intracellular 

calcium regulation was disturbed by spaceflight, the authors showed that vasoconstriction 

to caffeine was diminished, a result also found in mesenteric arteries of HU rats (30). 

Additionally, it was shown that vasoconstriction to NE occurred at a slower rate in the SF 

group compared to the HC group. Active pressure response curves were shown not to be 

altered in the mesenteric arteries of spaceflown mice, which matched results observed in 

the gastrocnemius feed arteries of spaceflown mice (30) but differed from results observed 

in mesenteric arteries of HU rats (94). The studies of recovery time for mesenteric arteries 

was performed using vessels from mice flown on the STS-133 mission. The results 

indicated that one day after landing, vasoconstriction to NE was significantly impaired in 

the SF group, but after 5 and 7 days of recovery, the vascular response was no different 
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from the HC group. Other studies examining recovery time in HU rats showed similar 

results (80), and these align with astronaut re-adaptation to gravity (47). Finally, STS-135-

flown mice were used to examine mesenteric venous responses. Unlike arteries, veins 

from spaceflown animals displayed diminished vasoconstriction to both NE and 

increasing intraluminal pressure, results that align well with HU rat studies (87). 

 

Although the durations of the three missions were very similar, meaning that the effects 

of microgravity and radiation were likely fairly equal between groups, other important 

experimental differences should be considered. Mice from the STS-131 mission, as 

previously described, consisted of 11 female 16-to 23-week-old C57BL/6J mice. In 

contrast, researchers only studied a few animals flown on the STS-133 and STS-135 

missions. Animals used from the STS-133 mission consisted of 6 female 12- to 13-week-

old BALB/cJ mice, and animals used from the STS-135 mission consisted of 3 female 9-

week-old C57BL/6J mice. Again, the putative predisposition of females to orthostatic 

intolerance may influence the results of the study (16,93). However, even with the 

variation in age and strain and very low n values for some experiments, the results of this 

study align with results from HU rat studies, reinforcing the conclusions drawn from that 

model. As in the previous study, no VC group was employed, preventing the examination 

of environmental variables like pCO2.  

 

 

 



 

 21 

1.3 The Effect of Spaceflight on Vessels of the Head and Neck 

Extensive research investigating the effect of spaceflight on vessels of the head and neck 

has been performed, as it has been hypothesized that this region may be particularly 

affected by microgravity (64,80). A need to understand the mechanisms underlying 

orthostatic intolerance initially fueled the investigation of these vessels (80), but recently 

the focus of research has shifted to the spaceflight-induced loss in visual acuity (21,64). 

As a result, vessels of the head and neck have become the focus of increasing research to 

understand the etiology and progression of SANS (21,63). 

 

Though all head and neck vessels play important roles in maintaining normal physiology, 

cerebral arteries have been the primary focus of previous spaceflight studies since 

researchers postulated that spaceflight would have a major effect on their function (26). 

Based on its prevalence in the spaceflight literature, cerebral artery physiology will 

comprise most information presented in this section; however, discussion of other head 

and neck vessels will be included as it pertains to human or HU studies. 

 

1.3.1 The Physiology of Cerebral Arteries 

Because cerebral arteries have been the primary focus of spaceflight research, their highly 

unique function should be discussed prior to reviewing experimental results. Cerebral 

arteries control blood flow to the brain through a process called autoregulation, a 

modulation of vascular tone that occurs through both myogenic and metabolic 

mechanisms (41,43). The myogenic response is a common vascular feature in which blood 
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vessels, particularly arteries, modulate vascular tone to oppose altered intravascular 

pressure (41). In other words, an increase in cerebral artery pressure causes a decrease in 

vessel diameter; conversely, a decrease in cerebral artery pressure leads to an increase in 

vessel diameter. The myogenic response ensures that cerebral blood flow remains 

relatively constant even in conditions of altered mean arterial pressure (43). The myogenic 

response has been shown to be mediated by calcium entry into vascular smooth muscle 

cells; SMC depolarization and activation of intracellular calcium stores then instigate 

pathways to induce vasoconstriction (32).  

 

Metabolic autoregulation, a unique feature of the cerebral vasculature, regulates blood 

flow to match cellular metabolism (43). Because of the brain’s high metabolic demand, 

blood flow to the brain constitutes about 20% of cardiac output, a value that can increase 

under certain conditions (95). Accumulation of CO2, a metabolic waste molecule, induces 

particularly robust vasodilation; cerebral artery blood flow increases 3-4% per 1 mmHg 

increase in pCO2 (76). Although the mechanisms underlying CO2-induced cerebral artery 

vasodilation are not known with certainty, some studies have shown that the H+ ion 

generated upon the formation of bicarbonate activates SMC K+ channels, inducing 

hyperpolarization and subsequent dilation (43,74,96). Other studies indicate that local, 

EC-generated prostacyclins or adenosine may be involved, initiating EC-mediated NO 

signaling pathways to induce vasodilation (74).  
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Unlike the vasculature of other organ systems, large arteries of the brain do not function 

solely as conduit vessels; they provide a significant portion of cerebrovascular resistance 

as well (43,97-100). Studies in cats indicated that approximately 30% of vascular 

resistance to blood flow to the brainstem and cerebellum occurred at the level of the 

vertebral-basilar axis while 40 - 50% of vascular resistance to the cerebrum occurs in large 

arteries such as the carotid (97). Studies in primates show that large arteries contribute 

about 25% of the total cerebral vascular resistance (98). Though vascular resistance is 

difficult to quantify exactly in human studies, recent results have indicated that large 

arteries contribute significantly to cerebral vascular resistance in humans as well (99). 

Thus, the current paradigm for the human cerebral vasculature has large “conduit” arteries 

contributing about 30% of overall resistance (100). As a result, large arteries can be used 

to examine the vasoconstrictor and vasodilator functions of the cerebral vasculature. 

 

The extraterrestrial environment poses significant challenges to cerebral autoregulatory 

processes. In addition to space radiation, which poses a risk to all blood vessels of the 

body, the microgravity-induced cephalic fluid shift might specifically stress the cerebral 

myogenic component of the autoregulatory response. Hypothetically, an increase in 

cerebral fluid volume coupled with possibly impaired venous and/or lymphatic drainage 

could promote an environment in which cerebral vessels constantly experience abnormally 

high pressures, which could cause vascular remodeling, altered vasoconstriction, or other 

pathophysiological responses (25,73,89). Meanwhile, pCO2 levels on the ISS, reported to 

be ten times greater than on Earth, may present another potent factor affecting an 
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astronaut’s cerebral vasculature (73). While the robust dilatory effect of acute pCO2 

exposure on cerebral vasculature has been well-characterized (43,74,96), the effect of 

chronic pCO2 is less understood, as few studies have been performed in this environment. 

However, one study showed that the effect of chronic (23 day) exposure to a high pCO2 

environment induces an acute increase in MCA blood flow that eventually returned to 

normal after 1-3 days (77). It is possible that structural remodeling of the cerebral arteries 

facilitated this normalization, a possibility that could alter the interpretation of murine 

basilar artery spaceflight data.  

 

1.3.2 Human Cerebral Vascular Function After Spaceflight  

Researchers of spaceflight physiology have long been concerned with altered cerebral 

vascular function (82,83). Initially, it was hypothesized that fluid shift-related changes in 

the brain could affect cerebral perfusion and thus could impair cognitive functions of 

astronauts (26). The ability of cerebral arteries to autoregulate could be compromised if 

arteries are chronically exposed to abnormally high intravascular pressures. It was thought 

that the cephalic fluid shift would induce vascular remodeling, causing constitutive 

cerebral artery vasoconstriction that would persist upon return to Earth, contributing to 

orthostatic intolerance (26). Although not an initial concern to researchers, loss of visual 

acuity in astronauts exposed to long-term spaceflight has been documented more recently 

and may be related to fluid shifts (21). This impairment has been explored vigorously in 

recent years, though a direct mechanistic link between SANS and cephalic vascular 

function has not yet been found. 
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Only a handful of studies have directly measured cerebral vascular function in human 

subjects after spaceflight. One study of six astronauts who had flown 1-2 week-long 

missions showed that spaceflight actually improved cerebral blood flow regulation (17). 

This study showed that during an astronaut’s transition from a supine to an upright posture, 

middle cerebral artery blood flow velocity was better-maintained after, rather than before, 

spaceflight (17). However, a second study of human cerebral autoregulation following 

short-duration (1-2 week) spaceflight pointed out that the six astronauts observed in the 

prior study did not exhibit any symptoms of orthostatic intolerance, and authors postulated 

that cerebral autoregulatory function may determine whether orthostatic intolerance 

occurs in astronauts (18). It was subsequently shown that in those individuals who 

exhibited orthostatic intolerance, cerebral autoregulation was impaired compared to the 

individuals who did not exhibit orthostatic intolerance (18). A study of cerebral vascular 

function following long-duration (58-199 day) spaceflight also indicated a dysfunction in 

cerebral artery autoregulation and a decreased reactivity to pCO2 (19). It was 

hypothesized, based on the results of these three studies, that the duration of spaceflight 

correlated with the degree of cerebral autoregulatory dysfunction, and thus the degree of 

orthostatic intolerance. Importantly, it was also shown that a high degree of individual 

variability existed in the manifestation of dysfunctional cerebral autoregulation. Although 

evidence suggests that gender could be a contributing factor (16,18,93), the reason that 

only some individuals manifest orthostatic intolerance and cerebral vascular dysfunction 

is still not completely understood. These studies were generally unable to separate the 

effect of microgravity, space radiation, and pCO2 on cerebral vascular function. Since the 
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effect of a high-pCO2 environment was shown to induce alterations in MCA blood flow 

velocity (77), it is possible that high ISS pCO2 drives cerebrovascular adaptation to 

spaceflight to a large extent. 

 

1.3.3 The HU Model and Head and Neck Fluid Pressures 

Though spaceflight was shown to impair cerebral autoregulation in certain individuals, 

especially after long-duration spaceflight, the mechanism behind this physiological 

change could not be ascertained through the use of human subjects. To examine structural 

and functional changes in cerebral arteries following exposure to microgravity more 

directly, the rat HU model was employed extensively (80,81,101). Evidence from HU rats 

showed that simulated microgravity thickened SMC layers, diminished intraluminal 

diameter, increased tone, increased responsiveness to numerous vasoconstrictors, and 

impaired cerebral perfusion (80,81,101-104). Studies also found evidence of impaired EC-

dependent, but not EC-independent vasodilation (105), which was attributed to reductions 

in eNOS protein levels in cerebral arteries (102). The results from HU rat studies seemed 

to support data from astronauts; it was surmised that the spaceflight-induced cephalic fluid 

shift constitutively increased pressures in arteries of the head and neck, which led to a 

remodeling of those arteries that restricted blood flow by diminishing vessel diameter and 

increasing wall thickness (64,80). The remodeled vessels then would be adapted to the 

high fluid pressure conditions of the extraterrestrial environment, so when astronauts 

returned to Earth and attempted to stand upright, the vessels would be unable to dilate to 
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allow sufficient blood flow to the brain (64,80). However, data from spaceflown mice 

displayed different results. 

 

1.3.4 STS-135: The First Isolated Vessel Study of Spaceflown Cerebral Arteries  

Research on basilar arteries from the STS-135 mission constituted the first examination 

of isolated vessels from the head and neck regions after spaceflight (26). The Atlantis 

Shuttle carried 15 female 9-week old C57BL/6J mice obtained from Jackson Laboratories, 

all of which were housed in animal enclosure modules (AEMs) in the spacecraft’s 

middeck. After approximately 13 days in LEO orbit, Atlantis landed at Kennedy Space 

Center, and experimental procedures began within 3-4 hours. Based on prior research, the 

authors of the study hypothesized that spaceflight would increase the myogenic response 

and the wall thickness, but would not alter the passive pressure-diameter relationship or 

the mechanical stiffness of cerebral arteries (26). Using the technique of pressure 

myography to examine the myogenic response of the basilar artery, researchers showed 

that basilar arteries from spaceflown animals displayed a larger diameter than basilar 

arteries from control animals at intravascular pressures from 0 mmHg to 140 mmHg 

(26,101), the exact opposite of what was observed in HU rats (26,102). A passive pressure-

diameter response showed that basilar arteries from spaceflown mice displayed a larger 

diameter than basilar arteries from control mice at intravascular pressures from 40 mmHg 

to 140 mmHg (26), a result that again differed from what was observed in HU rats (102). 

These surprising results suggested that vascular remodeling may have occurred as a result 

of spaceflight, but that the remodeling increased, rather than decreased, distensibility. 
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Structural analysis of the vessels confirmed this hypothesis. Basilar arteries from 

spaceflown mice displayed an increase in maximal diameter, no change in medial wall 

thickness, and a decrease in vascular tone (26), while basilar arteries from HU rats 

displayed decreased or unchanged maximal diameter, increased medial wall thickness, 

and increased vascular tone (80,102,105). An examination of posterior communicating 

arteries (PCAs) using nanoindentation technology indicated that the PCA showed 

decreased stiffness in spaceflown mice compared to control mice (26), suggesting that the 

results observed in the basilar artery are likely present in other cerebral arteries as well.  

 

The extremely surprising results of this study prompts one to examine the numerous 

variables intrinsically present in any spaceflight study. The most apparent variable, the 

animal model, was addressed by the authors. Since all prior vascular HU studies almost 

exclusively employed rats as an experimental model, it was unknown if the results of the 

spaceflight study were caused by the use of mice. Spaceflight experiments were therefore 

replicated in 16-week-old male C57BL/6J mice that had been exposed to HU. Contrary to 

results found in both spaceflown mice and HU rats, HU mice showed no differences in 

structural or functional characteristics, likely due to their small body size and fluid volume 

(24,92). Thus, HU mice represented an intermediate condition between the decrease in 

distensibility of cerebral arteries experienced by HU rats and the increase in distensibility 

experienced by spaceflown mice. However, the variability in animal sex and age between 

HU and spaceflown groups adds an additional confounding factor to the results. 
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Regardless, because spaceflown mice displayed altered vascular structure compared to 

HU mice, the changes observed in this study cannot be isolated to the animal model. 

 

Another important factor to consider is pCO2 level, which greatly impacts the physiology 

of cerebral vessels. Numerous measurements have shown that pCO2 on the ISS is 

approximately 2.5 mmHg, while pCO2 on Earth remains around 0.23 mmHg. Although 

pCO2 cannot be solely responsible for the difference between spaceflight and habitat 

control animals, as both groups experienced identical environmental conditions, pCO2 

may contribute to the significant difference between HU and spaceflight animals. High 

pCO2 could theoretically lead to chronic vasodilation and thus vascular remodeling; as 

result, it is conceivable that the atmospheric environment of the ISS contributed to cerebral 

vascular changes as much as microgravity and radiation.  

 

An additional factor that should be noted is that all spaceflown animals flown on the STS-

135 mission were given an injection of either sclerostin (n=8) or control buffer (n=7), as 

a part of a separate study examining bone loss countermeasures. The rarity of spaceflight 

studies means that multiple experiments are often performed simultaneously on one set of 

animals, adding layers of variables to experimental results (106). In addition, because of 

a mistake in the dissection process in STS-135, cerebral arteries from only 7 spaceflown 

animals were used for in vitro experimentation (26). This incident illustrates the 

demanding, high-stakes nature of spaceflight studies, which presents a significant obstacle 

to researchers. 
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1.3.5 The Bion-M1 study: A Follow-Up to STS-135 

The Bion-M1, a Russian biosatellite, was launched from the Baikonur Cosmodrome 

(Kazakhstan) on April 19th, 2013 via a Soyuz 2-1a rocket (20). It orbited the Earth for 30 

days at approximately 575 km, farther than the 400 km LEO of the ISS. In specialized 

enclosures similar to NASA’s AEMs, Bion-M1 carried male 19- to 20-week-old 

C57BL/6N mice, which are similar to C57BL/6J mice but obtained from the Animal 

Breeding Facility of the Shemyakin and Ovchinnikov Institute of Bioorganic Chemistry 

(20). On May 19th, 2013 the Bion-M1 landed in the Orenberg region of Russia, from which 

the animals were flown to Moscow for experimentation. Unlike the study performed after 

the landing of STS-135, the animals from the Bion-M1 were not euthanized for 13-15 

hours. Animals flown on the Bion-M1 were also fed a “pastelike diet,” unlike the NASA-

spaceflown animals, for which a specialized food bar for space travel was developed 

(107). The Bion-M1 was the first study to use both vivarium and habitat control groups. 

 

The authors of the study based their hypotheses upon results from the STS-135 study: it 

was expected that vasoconstriction to pharmacological agents would be diminished, 

elastin/collagen ratio would be increased, and endothelium-dependent vasodilation would 

be impaired (20). The Bion-M1 study used wire myography to examine basilar artery 

vasoreactivity (20). As expected, vasoconstriction to increasing doses of both KCl and 

U46619 was diminished in the spaceflight groups compared to both control groups, 

leading authors to conclude that the loss of vasoconstriction was not mediated by 

differential receptor expression. Diminution of the response to both receptor-mediated and 
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nonreceptor-mediated vasoconstrictors was also observed in the mesentery and 

gastrocnemius feed artery of spaceflown mice (24,25). The authors also showed that 

endothelium-mediated vasodilation to 10 µM acetylcholine (ACh) was completely 

abolished in Bion-M1-flown mice, while both control groups maintained the ability to 

vasodilate (20). This examination of endothelial cell function was the first that had ever 

been performed in arteries from spaceflown mice. In contrast to the STS-135 study, no 

significant differences were observed in structural properties such as maximal diameter, 

medial wall thickness, or passive pressure-diameter relationship. The passive pressure 

response curve from basilar arteries of mice flown aboard the Bion-M1 was performed 

using wire myography, different than the method used to determine the pressure response 

curve in STS-135. Because wire myography can only approximate the pressure response 

curve, the initial curve measured in STS-135 is likely more accurate. However, the authors 

noted that the pressure response curves from the Bion-M1 study showed the opposite trend 

of those from the STS-135 study: basilar arteries from the spaceflight group trended 

toward decreased distensibility compared to the HC group. The elastin/collagen ratio of 

basilar arteries from the Bion-M1 study was also unchanged between all groups, giving 

further indication of unchanged vascular structure. 

 

Numerous factors may confound the results when comparing the STS-135 study to the 

Bion-M1 study. Of critical importance to cerebral vascular response is pCO2. While pCO2 

is approximately 0.23 mmHg at sea level and 2.5 mmHg on the ISS, it was reportedly only 

0.01 mmHg on the Bion-M1 biosatellite. The chronic vasodilation that was thought to 
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occur as a result of high pCO2 in ISS-flown animals certainly did not occur in Bion-M1-

flown animals. It is possible that this difference in pCO2 accounts for the lack of significant 

vascular remodeling in Bion-M1-flown mice and the thinning of basilar arteries in STS-

135-flown mice.  

 

Flight duration might also play a role in the results. As shown in human studies, long and 

short duration spaceflight induce different and possibly contradictory effects on cerebral 

autoregulation. While 1-2 weeks of spaceflight was shown to enhance human cerebral 

autoregulation (17), 4-6 months of spaceflight was shown to impair human cerebral 

autoregulation (19). It is possible that an analogous phenomenon is occurring in mice: 

while short-term spaceflight initially causes increased distensibility in cerebral arteries 

through some unknown mechanism, longer-term spaceflight reverses those changes.  

 

A third important difference in spaceflight conditions is the level of radiation exposure 

that each cohort of mice received. Mice from the STS-135 study orbited the Earth in ISS 

LEO at approximately 400 km, while mice from the Bion-M1 study orbited at 575 km, 

meaning that the Bion-M1 mice received approximately 0.5-1.25 mGy/day of radiation, 

while the STS-135 mice received approximately 0.2-0.3 mGy/day of radiation (20). This 

difference in daily radiation exposure, coupled with the overall difference in mission 

duration, means that Bion-M1-flown mice experienced 32-72 mGy of overall radiation 

exposure, while STS-135-flown mice experienced far less (20).  
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Because the Bion-M1 mission employed male 19- to 20-week-old male C57BL/6N mice 

while the STS-135 mission employed female 9-week-old female C57BL/6J mice, results 

will likely intrinsically differ, regardless of experimental settings. As mentioned 

previously, females may be more sensitive to some of the effects of spaceflight compared 

to males, and age likely also plays a role in physiological responses (72,93). Overall, a  

huge variety of confounding factors, from methodology to experimental setting to the 

animal model might have contributed to the dichotomous results regarding vascular 

structure.  However, the consistent decrease in basilar artery vasoconstriction observed in 

both the STS-135 and Bion-M1 studies indicated an important and unexpected 

physiological adaptation to spaceflight.
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Strain # Sex Age Duration Mission Housing Vessel Vascular 
Structure 

Pressure 
Response Pharmacology  Protein/mRNA 

expression 

Stabley, et 
al 2012 C57Bl/6 11 Female 16-23 

weeks 15 days STS-131 
(Apr 2010) 

Animal 
enclosure 
modules 

(AEMs) on 
orbiter’s 
middeck 

Gastrocnemius 
feed artery 

No change in 
maximal diameter 
or wall thickness 

No change in 
active or 
passive 

tension curves 

Decreased 
vasoconstriction to 

NE, KCl 

Decreased 
RyR2, RyR3 
mRNA, no 
change in 
SERCA2b 

mRNA 

Behnke, et 
al 2013 

C57Bl/6 11 Female 16-23 
weeks 15 days STS-131 

(Apr 2010) 

AEMs on 
orbiter’s 
middeck 

Mesenteric 
artery 

No change in 
maximal diameter 
or wall thickness 

No change in 
active or 
passive 

tension curves 

Decreased 
vasoconstriction to 
NE, KCl, caffeine 

Decreased 
RyR2 mRNA; 

trend: 
decreased 

RyR3 mRNA 

BALB/cJ 6 Female 12-13 
weeks 13 days 

STS-133 
(Feb-Mar 

2011) 

AEMs on 
orbiter’s 
middeck 

Mesenteric 
artery 

No change in 
maximal diameter 
or wall thickness 

n/a 

Decreased 
vasoconstriction to 

NE 1 day after 
landing 

n/a 

C57Bl/6 3 Female 9 
weeks 13 days STS-135 

(July 2011) 

AEMs on 
orbiter’s 
middeck 

Mesenteric 
vein 

Trend: Increased 
maximal diameter 

Decreased 
active pressure 

response  

Decreased 
vasoconstriction to 

NE 
n/a 

Taylor, et 
al 2013 C57Bl/6 7 Female 9 

weeks 13 days STS-135 
(July 2011) 

AEMs on 
orbiters 
middeck 

Basilar artery, 
posterior 

communicating 
artery 

Basilar: Decreased 
maximal diameter 
and spontaneous 

tone  
 

PCA: decreased 
effective elastic 

module and 
stiffness 

Basilar: 
Decreased 
active and 

passive 
pressure 
response 

n/a n/a 

Sofronova, 
et al 2015 C57Bl/6N 6 Male 19-20 

weeks 30 days 
Bion-M1 

(April-May 
2013) 

Animal 
module 
habitats  

Basilar artery 
No change in 

diameter or wall 
thickness 

Trend: 
Increased 
passive 
pressure 
response 

Decreased 
response to KCl, 
U46619 & ACh 

No change in 
elastin/collagen 

protein ratio 

 
 
Table 1. Major findings from previous murine spaceflight studies. The experimental model, mission information, and 

major results from the four studies of spaceflown mice are summarized.  
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1.4 Conclusion and Hypothesis 

As prior studies have shown, spaceflight causes significant changes in the structure and 

function of vessels from multiple anatomical regions (Table 1). Importantly, some of these 

results differ from results obtained when using ground-based models (64,80,102,105), 

indicating that the effects of spaceflight cannot easily be simulated on Earth. Exposing 

animals to true spaceflight is necessary to develop a greater understanding of vascular 

alterations induced by spaceflight, as only animal models afford the opportunity to 

investigate mechanisms underlying vascular changes.  

 

Rodent studies have played an integral role in our understanding of spaceflight-induced 

vascular changes and will be necessary as humanity prepares for interplanetary 

exploration. Beyond the five major studies discussed in the text, another study of the effect 

of spaceflight on the vasculature has recently been performed: the Rodent Research 9 (RR-

9) mission, which flew mice aboard the ISS for 33 days. This mission, the most extensive 

investigation of vascular function following spaceflight thus far, examined previously-

unstudied vessels, such as the coronary artery and cervical lymphatic vessels. However, 

another important aspect of the RR-9 mission involved a re-examination of basilar arteries 

in light of unexpected and conflicting results from prior studies. The work herein described 

comprises one component of those basilar artery studies.   
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1.4.1 Hypotheses 

Based on prior results (20,26), we formulated the following hypotheses about the influence 

of spaceflight on murine basilar arteries following spaceflight aboard the ISS: 1) SF mice 

would display a decreased response to both receptor-mediated and non-receptor-mediated 

vasoconstrictors, 2) SF mice would display diminished, if not totally abolished, EC-

mediated vasodilation, 3) SF mice would not display diminished SMC-mediated 

vasodilation, and 4) SF would not impair the structural or mechanical properties of the 

basilar artery.  
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2. MATERIALS AND METHODS 

 

2.1 Experimental Design 

Twenty male C57BL/6J mice (Jackson Labs, Bar Harbor, ME, USA), 10 weeks old at the 

time of launch, were flown for 33 days on the ISS as a part of the SpaceX Commercial 

Resupply Services (CRS) 12 and RR-9 mission. The mice were loaded into Rodent 

Transporters on the SpaceX Dragon capsule prior to launch by a Falcon 9 rocket on 14 

August 2017. They were then transferred to Rodent Habitats located on the ISS after 

Dragon capsule berthing on 16 August 2017. Throughout the RR-9 mission, mice were 

provided specialized food bars and water ad libitum, and maintained on a 12:12 hour light-

dark cycle; ten mice were housed per enclosure. Environmental conditions including 

temperature, humidity, and pCO2 were recorded throughout the entire 33-day period. After 

30 days aboard the ISS, the mice were transferred into clean Rodent Transporters on the 

Dragon capsule, which was unberthed and returned to Earth via splashdown in the Pacific 

Ocean on 17 September 2018. After recovery of the capsule and transport through the Port 

of Los Angeles, animals were immediately taken to Loma Linda University, California, 

where veterinarians conducted health checks of the animals and found them all to be 

healthy. Animals were then subjected to in vivo studies. At the conclusion of these studies 

and approximately 33-41 hours after splashdown, the animals were euthanized and 

physiological experiments commenced.  
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The same cohort of mice used for the SF group was supposed to be used for both HC and 

VC groups. However, Kennedy Space Center (KSC), where the HC and VC groups were 

being housed, experienced a mandatory evacuation due to a hurricane, meaning that the 

control animals had to be euthanized. To account for this, a third group of mice from the 

same cohort was transferred from Jackson Labs to Loma Linda University to serve as a 

VC group. Experiments on these animals commenced approximately 3 days after 

completion of experiments on the SF animals. At a later date, experiments on the HC 

group were performed at KSC. An environmental simulator recapitulated the temperature, 

humidity, light cycle and pCO2 experienced by the SF mice; additionally, HC mice were 

transferred between Rodent Transporters and Rodent Habitats exactly as had been done 

for the mice on the ISS. To control for the fact that mice from the HC group were of a 

different cohort than the SF and VC groups, a second VC group using the same cohort as 

the HC group was used. Data from the two VC groups were combined. 

 

2.2 Dissection Flow and Basilar Artery Isolation  

All animal procedures were approved by the NASA and Texas A&M Institutional Animal 

Care and Use Committees. Animals were euthanized by CO2 asphyxiation 33-41 hours 

after splashdown. The brain was quickly removed and placed into a weigh boat filled with 

chilled MOPS-buffered physiological salt solution (PSS) containing (in mM): 145 NaCl, 

4.7 KCl, 2 CaCl2, 1.17 MgSO4·7H2O, 3 MOPS, 1.2 NaH2PO4·H2O, 5 glucose, 2 sodium 

pyruvate, 0.02 EDTA, 2.75 NaOH (pH 7.40±0.02). The basilar artery was carefully 

dissected from the brain using a stereomicroscope (Amscope SM-4T, Amscope, Irvine, 
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CA, USA) and maintained in cold MOPS-buffered PSS until in vitro experimentation. 

Because of the collaborative nature of the RR-9 mission, the examination of basilar 

arteries was divided between our group and another. We were allocated and performed 

experiments on 8 basilar arteries; this study reports data collected from those 8 basilar 

arteries by our group alone. Future inclusion of data from the other research group may 

alter the results presented here. 

 

2.3 Wire Myography  

Wire myography was employed to study the mechanics and structure of the murine basilar 

artery (Fig 1). Two 25µm-diameter gold-plated tungsten wires (Goodfellow, Huntingdon, 

UK) were advanced through the lumen of each vessel. The vessels could then be mounted 

to the jaws of a Mulvany-Halpern DMT wire myograph (model 610A, Danish Myo 

Technology, Aarhus, Denmark): one wire was fixed to a force transducer, while the other 

was fixed to an adjustable micrometer (108). The temperature of the myograph was then 

increased to and maintained at 37ºC for the duration of the experiment. Each vessel was 

normalized to a resting tension approximating the vessel’s wall tension at 100mmHg in 

vivo. The solution in the myography chamber was changed every 30 minutes.  
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Figure 1. Wire myography was used to examine arterial function. The basilar artery 

(A) plays a crucial role in regulating blood flow to the brain. After the basilar artery is 

isolated, it can be mounted on a 4-Channel Danish MyoTechnology (DMT) wire 

myograph (B). In each chamber of the myograph, the basilar artery is mounted on wires 

between two jaws, one of which attaches to a force transducer, the other to an adjustable 

micrometer (C). Each vessel segment mounted in the wire myograph was approximately 

2 mm in length and was normalized to approximate an in vivo pressure of 100 mmHg (D). 
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2.4 Pharmacological Agents 

Constrictors used to assess SMC function consisted of: 1) increasing concentrations of 

isosmotic KCl (Fisher Chemical, P217), a nonspecific depolarizing agent, and 2) 

thromboxane A2 mimetic U46619 (U4; Cayman, NC9336776), a thromboxane prostanoid 

(TP) receptor agonist. Diethylamine NONOate (DEA; Sigma-Aldrich, D184), a source of 

exogenous NO, served as an SMC-dependent vasodilator. Endothelial-dependent 

vasodilators consisted of: 1) acetylcholine (ACh; Sigma-Aldrich, A6625), a muscarinic 

receptor agonist and 2) ADPβS (Sigma-Aldrich, A8016), a purinergic P2Y1 receptor 

agonist. 

 

All pharmacological agents were dissolved in water, with the exception of U4 (dissolved 

in dimethylsulfoxide, DMSO). The maximum DMSO concentrations used to solubilize 

U4 in this study, 0.3 µL/mL, are below concentrations that have been shown to affect 

vascular function (109). All stock solutions were prepared at 10-2 M, frozen, and 

subsequently diluted in MOPS buffer. Because DEA is both light-sensitive and features a 

short half-life (110), aliquots were thawed and diluted immediately before use. During 

concentration response curves, vessels were incubated with U4 for 2 minutes per 

concentration, KCl for approximately 7 minutes per concentration, and all vasodilators for 

1 minute per concentration. While U4 and DEA concentration response curves were 

performed by cumulative addition of the pharmacological agent, the KCl curve was 

performed by changing the solution in the myography bath. Preconstriction was achieved 
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through the addition of either 1 µM U4 for 2-4 minutes or 45 mM KCl for approximately 

3 minutes.  

 

2.5 Protocol 

Based on prior protocols, two activation steps were initially performed on the basilar 

arteries (20); one bolus dose of 1 µM U4 constituted the first, and a 300nM dose of U4 

followed by increasing doses of ACh (300nM to 3µM) constituted the second. Multiple 

washouts of the myography bath followed by equilibration periods were performed after 

each of these activation steps and after each subsequent concentration response curve. 

First, the receptor-mediated vasoconstrictor response of the basilar artery was assessed via 

increasing concentrations of U4. Then, after preconstriction with 1 µM U4, a 

concentration response curve to DEA was performed to examine EC-independent 

vasodilation. Basilar artery response to a bolus dose of the EC-dependent vasodilator ACh 

was then assessed following preconstriction with 45 mM KCl; this process was repeated 

using ADPβS as the vasodilator. After a KCl dose response curve was performed, 

procedures to examine EC-dependent vasodilation were repeated in the presence of L-

NAME. At this point, the myography chamber was changed to calcium-free solution in 

order to examine vascular mechanics. By adjusting the micrometer, the distance between 

the myography jaws could be incrementally increased; simultaneous recording of force 

allowed us to determine the force registered at each step. Conversion of force to estimated 

pressure, as described in the following section, allowed us to determine the passive 

pressure-diameter relationship of the basilar arteries. 
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2.6 Data Analysis 

Though we were allocated 8 basilar arteries, some were damaged in the dissection flow or 

isolation process. Vessels that did not show a response to U4 and to all three of the dilating 

agents were excluded from the results. An additional analysis of outliers led to the 

exclusion of one more vessel from the HC group. To determine outliers for each dose 

response curve, the interquartile range of the data set from each dose response curve was 

calculated and multiplied by 1.5. This value was added to the third quartile and subtracted 

from the first quartile to set upper and lower limits, respectively. Vessels displaying 

responses that fell outside of the upper or lower ranges were considered outliers and were 

excluded from all data. 

 

Vasoconstrictor data are presented as active tension, which is calculated as previously 

described (20). Vasodilator data are presented as a percent of preconstricted tension. 

Pressure estimations of basilar arteries were performed based on the Law of LaPlace (108), 

which states: P = T / r, where P = pressure, T = active tension, and r = radius. The radius 

was obtained from the normalization process, which estimates the vessel diameter, while 

active tension was derived from raw traces according to the relationship: T = (F – F0) / (2 

* l), where F = force, F0 = force at baseline, and l = vessel length.  

 

 

 



 

 44 

The force reading of the vessels was converted from analog to digital using an iWorx 

interface and recorded using LabScribe (iWorx, Dover, NH, USA). One-way or two-way 

ANOVA followed by a Bonferroni post-hoc test was used to compare data, as appropriate. 

A value of P<0.05 was considered statistically significant. All statistical tests were 

performed in Prism (GraphPad, La Jolla, CA, USA). Data are presented as mean ± SEM. 
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3. RESULTS 

 

3.1 Body Weight and Basilar Artery Structure and Mechanics 

The body weight of the animals used in the study did not differ between groups (SF: 27.4 

± 1.2 g, HC: 31.4 ± 1.1 g, VC: 28.9 ± 0.7 g) (Fig 2), nor did the approximate resting 

diameter of the basilar arteries (SF: 193.8 ± 9.8 µm, HC: 195.0 ± 7.0 µm, VC: 195.6 ± 5.4 

µm). (Fig 3) The passive pressure diameter relationship was estimated for each 

experimental group (Fig 4); although a trend showing decreased distensibility in the HC 

group was observed, no significant differences were found. 
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Figure 2. Body weight was not altered by spaceflight. Animals were weighed after 

euthanasia and before any experimental procedures had been performed. Body weight of 

SF (n=6), HC (n=5), and VC (n=13) groups were shown not to be significantly different 

(ns = not significantly different). 
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Figure 3. Approximate diameter of the murine basilar artery was not altered by 

spaceflight. Diameter of the basilar artery was estimated in each treatment group by the 

normalization process, as described in the methods. The approximate diameter of basilar 

arteries from the SF (n=6), HC (n=5), and VC (n=13) groups were shown not to be 

significantly different (ns = not significantly different). 
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Figure 4. The passive pressure-diameter response of the murine basilar artery was 

not altered by spaceflight. The passive pressure-diameter diameter relationship of the 

basilar arteries from SF (n=6), HC (n=5), and VC (n=13) groups was determined as 

described in the methods.  
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3.2 Vasoconstrictor Responses 

Basilar arteries from the SF group displayed significantly reduced vasoconstriction to 

increasing doses of U4 compared to basilar arteries from both HC and VC groups (Fig 5). 

At a concentration of 300 nM, U4 induced significantly greater constriction in the HC 

group compared to the SF group. At concentrations of 1 and 3 µM, U4 induced 

significantly greater constriction in both HC and VC groups compared to the SF group. 

The response of basilar arteries from HC and VC groups did not significantly differ at any 

concentration of U4.  

 

Basilar arteries from each group displayed little significant difference in response to KCl-

induced vasoconstriction (Fig 6). A concentration of 40 mM KCl induced greater 

vasoconstriction in basilar arteries from the VC group compared to the SF group. No other 

dose-dependent differences were observed. 
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Figure 5. Spaceflight decreased murine basilar artery constriction to U46619. 

Constriction of the basilar artery was elicited in SF (n=6), HC (n=5), and VC (n=13) 

groups by treatment with increasing doses of U4. *SF group significantly differs from 

HC group (P<0.05). **SF group significantly differs from both HC and VC groups 

(P<0.05). 

 

  

0 20 40 60 80

0.0

0.2

0.4

0.6

0.8 SF
HC

* SF differs from VC

*
VC

[KCl] (mM)

Ac
tiv

e 
Te

ns
io

n 
(N

/m
)

-8 -7 -6 -5Baseline
0

20

40

60

80

100 SF
HC
VC

* SF differs from VC
** SF differs from HC and VC

*** all groups differ 

**
**

***

* *

log [DEA-NONOate] (M)

%
 P

re
co

ns
tri

ct
io

n

-9 -8 -7 -6 -5

0.0

0.1

0.2

0.3

0.4 SF
HC
VC

* SF differs from HC
** SF differs from HC and VC

*
**

**

log [U46619] (M)

Ac
tiv

e 
Te

ns
io

n 
(N

/m
)

0

20

40

60

80

100

SF
HC

HC + L-NAME 
SF + L-NAME
VC

VC +L-NAME

ns

*

*SF differs VC;
all L-NAME treated groups differ from

non-L-NAME treated groups

10µM ACh

%
 P

re
co

ns
tri

ct
io

n

0

20

40

60

80

100

SF
HC

HC + L-NAME
SF + L-NAME
VC

VC +L-NAME

all L-NAME-treated groups differ from
non-L-NAME treated groups

ns
ns

3µM ADPβS

%
 P

re
co

ns
tri

ct
io

n



 

 51 

 

 

Figure 6. Spaceflight subtly altered murine basilar artery vasoconstriction to KCl. 

Vasoconstriction was elicited in basilar arteries from SF (n=6), HC (n=5), and VC 

(n=13) groups by treatment with increasing concentrations of KCl. *SF group 

significantly differs from VC group (P<0.05). 
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3.3 Endothelium-Dependent Vasodilation 

The NO component of the basilar artery vasodilatory response was evaluated through 

exposure to a bolus dose of 10 µM ACh after preconstriction with 45mM KCl (Fig 7). The 

NO component of EC-mediated vasodilation to ACh was shown to be attenuated in basilar 

arteries from the SF group compared to those from the VC group. No significant difference 

was found between SF and HC groups, nor between HC and VC groups. Treatment with 

100µM L-NAME completely abolished vasodilation to ACh in all groups. 

 

The NO component of the basilar artery vasodilatory response was similarly evaluated 

through exposure to a bolus dose of 3 µM ADPβS after preconstriction with 45mM KCl 

(Fig 8). No significant differences were found between the three groups, and treatment 

with 100µM L-NAME completely abolished vasodilation to ADPβS. 
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Figure 7. Spaceflight attenuated the NO component of ACh-mediated vasodilation 

compared to vivarium control. Vasodilation was elicited in basilar arteries from SF 

(n=6), HC (n=5), and VC (n=13) groups by treatment with a single bolus dose of 10µM 

ACh. Preconstriction was achieved through incubation with 45mM KCl, eliminating the 

EDH-mediated component of vasodilation. L-NAME treatment (100 µM) completely 

abolished dilation. *SF group significantly differs from VC group (P < 0.05). 
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Figure 8. Spaceflight did not alter the NO component of ADPβS-mediated 

vasodilation. Vasodilation was elicited in basilar arteries from SF (n=6), HC (n=5), and 

VC (n=13) groups by treatment with a single bolus dose of 3µM ADPβS. Preconstriction 

was achieved through incubation with 45mM KCl, eliminating the EDH-mediated 

component of vasodilation. L-NAME treatment (100 µM) completely abolished dilation. 

No significant differences between groups were found. 
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3.4 Endothelium-Independent Vasodilation 

Endothelium-independent vasodilation was evaluated by treating basilar arteries from 

each group with increasing concentrations of DEA in opposition to preconstriction elicited 

by 1 µM U4 (Fig 9). At the 30nM concentration of DEA, basilar arteries from all three 

groups displayed significantly different dilatory responses. At the 100nM concentration 

of DEA, basilar arteries from both HC and VC groups displayed increased vasodilation 

compared those of the SF group. At 300 nM, 1 µM, and 3 µM concentrations of DEA, 

however, basilar arteries from the only the VC group displayed significantly increased 

dilation compared to the SF group.  
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Figure 9. Spaceflight significantly attenuated vasodilation to DEA. Vasodilation was 

elicited in basilar arteries from SF (n=6), HC (n=5), and VC (n=13) groups by treatment 

with increasing concentrations of DEA. Preconstriction was achieved through the 

addition of 1 µM U4. *SF group differs from VC group (P<0.05). **SF group differs 

from HC group (P<0.05). ***Responses of all three groups significantly differ (P<0.05). 
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4. DISCUSSION: SUMMARY AND CONCLUSIONS 

 

Prior to NASA’s RR-9 mission, examination of basilar artery function after spaceflight 

had been performed only twice: after a 13-day Space Shuttle mission and after a 30-day 

biosatellite mission (20,26). The 13-day Space Shuttle mission, STS-135, and the 30-day 

biosatellite mission, Bion-M1 each provided novel information about changes in cerebral 

artery function due to spaceflight, but displayed some conflicting results (20,26). The RR-

9 mission provided an opportunity to re-examine space-induced cerebrovascular 

alterations in light of previous results. 

 

4.1 Body Weight and Basilar Artery Structure and Mechanics 

In the present study, the technique of wire myography was used to show that there was no 

significant difference in resting basilar artery diameter or passive pressure-diameter 

relationship between SF, HC, and VC groups (Figs 3 & 4). Although there was not a 

statistically significant difference in the pressure-diameter relationship, the HC group 

showed a trend indicative of decreased distensibility. 

 

Results reported from the present study closely match results from the Bion-M1 study, 

which also showed that basilar artery diameter and pressure-diameter relationship were 

not statistically different between SF and HC groups (20). Results from the STS-135 

mission, in contrast, exhibited a significant increase in basilar artery diameter and a 

significant alteration in passive pressure-diameter relationship indicative of increased 
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distensibility (26). From these results, it appears that mission length may play a crucial 

role in the structural response of the basilar artery to spaceflight, as the Bion-M1 and RR-

9 missions lasted over twice as long as the STS-135 mission. Time-dependent adaptation 

of the murine basilar artery would mirror results obtained from human studies showing 

that long- and short-duration spaceflight seem to differentially affect cerebral 

autoregulation (17,19).  

 

However, the passive pressure-diameter curves from the Bion-M1 study showed that 

basilar arteries of the SF group trended toward decreased distensibility compared to those 

of the HC group (20). In contrast, the passive pressure-diameter relationship observed in 

the present study showed that the SF group trended toward increased distensibility 

compared to those of the HC group. Though not significant, the trend from the present 

study resembled results obtained in the STS-135 study (26). Conclusions cannot be drawn 

from only a trend, but this similarity evokes questions about the role of pCO2 on cerebral 

artery remodeling.  

 

Since CO2 is known to potently affect cerebral vascular tone (43,77), pCO2 levels are 

important to consider with regard to vascular remodeling. The environment experienced 

by the HC group is identical to the environment experienced by the SF group, except 

without microgravity or radiation. Because the ISS is known to have a pCO2 at least ten 

times higher than Earth (2.5 mmHg vs. 0.23 mmHg) (73), the HC and SF groups from the 

STS-135 and RR-9 missions experienced much higher pCO2 levels than the VC group of 
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those studies (20,26). In contrast, SF and HC groups from the Bion-M1 mission 

experienced very low pCO2 levels (0.01 mmHg) compared to the VC group. Although the 

acute dilatory effect of short-term CO2 exposure on cerebral arteries has been well-

characterized (43,76,96), very few studies have examined the effect of chronic, low-dose 

CO2 exposure (77). One such study exposed humans to a pCO2 of either 5.3 or 9.1 mmHg 

for 23 days (77). The authors observed an acute increase in blood flow velocity in both 

middle and posterior cerebral arteries; however, after 1-3 days blood flow velocity 

returned to and remained at pre-treatment values (77). It is possible that vascular 

remodeling may have contributed to this eventual normalization of cerebral blood flow 

velocity. Vascular remodeling in HC groups due to pCO2 exposure could partially account 

for the differences or trends in distensibility observed in the RR-9, Bion-M1, and STS-

135 studies. Inclusion of our collaborator’s data from the RR-9 project might clarify the 

results presented here. Regardless, the effect of a high pCO2 environment on cerebral 

artery structure is an area that should be studied in the future, especially if ISS pCO2 levels 

continue to remain uncontrolled. 

 

Methodological differences might also significantly impact the results of these studies. 

While in the present study, basilar artery resting diameter was estimated using wire 

myography, in the Bion-M1 study arteries were maximally dilated with SNP, fixed, 

sectioned, and then measured for vascular diameter (20). Vascular diameter measurements 

in the STS-135 study were made with video calipers on pressurized basilar arteries that 

had been maximally dilated in zero-Ca2+ solution (26). Additionally, while both the 
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present study and the Bion-M1 study used wire myography to construct pressure-diameter 

curves, the STS-135 study used pressure myography (20,26). Although differences in 

methodology theoretically should not greatly alter the data, those differences could add to 

the already-present experimental variability.   

 

The animal model employed in each study is a final factor necessary to consider. While 

the present study employed 15-week-old male C57BL/6J mice as an animal model, the 

Bion-M1 study employed 19- to 20-week old male C57BL/6N mice and the STS-135 

study employed 9-week-old female C57BL/6J mice as animal models (20,26). Differences 

between animal sex, strain, and age could all contribute to experimental variability in 

vascular mechanics.  

 

4.2 Vasoconstrictor Responses 

Results from the present study show that basilar arteries from the SF group display 

diminished vasoconstriction compared to those of both HC and VC control groups at 

higher doses of U4 (Fig 5). The alteration in basilar artery response to KCl is more subtle; 

only at a concentration of 40 mM KCl do basilar arteries from the SF groups display 

diminished vasoconstriction compared to those of the VC group (Fig 6). Overall, the data 

suggest broadly that vasoconstriction is diminished in the basilar artery after spaceflight, 

but spaceflight may more significantly affect the U4-mediated response than the KCl-

mediated response.  
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Generally, the vasoconstrictor results observed in the present study compare favorably to 

all studies that have examined vasoconstriction after spaceflight, not just studies of the 

basilar artery (Table 1) (20,24-27). In prior studies, NE (24,25,27), KCl (20,24,25), 

caffeine (25), and U4 (20) were all shown to induce diminished vasoconstriction in basilar 

(20), mesenteric (25), and gastrocnemius feed arteries (24) of the SF group compared to 

either the HC (24,25,27) or the HC and VC (20) groups. Even mesenteric veins of 

spaceflown mice (25) and mesenteric arteries of spaceflown hypertensive rats (27) showed 

diminished NE-induced vasoconstriction compared to their HC or VC counterparts. 

Although not observed in mesenteric (25) or gastrocnemius feed arteries (24), basilar 

arteries from spaceflown mice also displayed an altered active pressure-diameter 

relationship (26).  

 

Two major hypotheses regarding the mechanism behind reduced post-spaceflight 

vasoconstriction have been proposed. The more commonly-accepted hypothesis is that 

spaceflight impairs SMC calcium handling mechanisms (90,91), thus preventing effective 

vasoconstriction. This hypothesis was proposed in ground-based models and validated in 

two spaceflight studies, which showed a decrease in RyR2 and RyR3 mRNA levels 

(24,25). Alternatively, diminished adrenergic or TP receptor expression could potentially 

explain reduced vasoconstriction to agents like NE or U4. However, previous results have 

consistently showed reduced vasoconstriction to KCl, NE, and U4 after spaceflight 

(20,24,25), indicating that the decrease in vasoconstriction is not solely caused by 

downregulation of a specific receptor. Because of the major reduction in U4 response but 
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minimal reduction in KCl response in the SF group, results from the present study could 

certainly be interpreted to suggest that a deficit in TP receptors, not a global calcium 

handling dysfunction, caused the diminished spaceflight-induced vasoconstriction. 

However, based on the prior evidence, this conclusion seems misguided, especially 

considering the high variability and low number of experimental subjects. 

 

A final point worth noting is that heterogeneity in vasoconstrictor response has been 

observed in astronauts and has been correlated with incidence of orthostatic intolerance 

(18). Heterogeneity in cerebral vasoconstrictor response was observed in this murine study 

as well. As mentioned in the methods section, one HC basilar artery was excluded from 

the study, as it was statistically shown to be an outlier (exclusion criteria described in 

methods section). The vessel displayed a hyperreactive vasoconstrictor response, 

particularly to U4 (Fig 10). Though no conclusions can be made from this single vessel, 

its unique response serves as a reminder that vascular changes after spaceflight or pCO2 

exposure may be heterogenous and dramatic. The hyperreactive vessel was eliminated 

entirely and constitutes none of the results displayed in this work.  
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Figure 10. One basilar artery displayed a hyperreactive vasoconstrictor response to 

U46619. This figure exactly recapitulates Figure 5, except with a rescaled y-axis with 

the hyperresponsive HC vessel superimposed. This vessel was not included in any 

results. 
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4.3 Endothelium-Dependent Vasodilator Responses 

After preconstriction with 45 mM KCl, vasodilation to 10 µM ACh was significantly 

attenuated in basilar arteries of the SF group compared to basilar arteries of the VC group 

(Fig 7). However, after preconstriction with 45 mM KCl, vasodilation to 3 µM ADPβS 

was not significantly different between the three groups (Fig 8). Preconstriction with 45 

mM KCl eliminated EDH-mediated vasodilation, leaving intact only the NO-mediated 

dilatory pathway. Subsequent treatment with L-NAME completely abolished vasodilation 

by eliminating the NO-mediated component of vasodilation as well. 

 

Two different EC-dependent vasodilators were employed because ACh and ADPβS act 

on different receptors, hypothetically allowing us to determine if EC receptor expression 

might be differentially altered as a result of spaceflight. Additionally, our study design 

focused on the NO signaling component of EC-mediated vasodilation because of its 

putative decrease in conditions of spaceflight (61,111). Although it is conceivable that 

spaceflight significantly altered EDH-mediated vasodilation of basilar arteries (111), that 

information cannot be determined from the data presented and thus is outside the scope of 

this study.    

 

The data presented in the present study indicate that the NO component of EC-dependent 

vasodilation to ACh is impaired in the basilar arteries of spaceflown mice. Since the 

detrimental effect of ionizing space radiation on ECs is considered to be one of the greatest 

threats to astronaut health (4) and cerebral artery vasodilation relies heavily on NO 
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signaling (112), the lack of significant difference between ACh response in HC and SF 

groups was surprising, as was the lack of significant difference across all groups in 

response to ADPβS. However, the diminution of vasodilation to ACh in basilar arteries of 

the SF group compared to the VC group aligns well with prior results from the Bion-M1 

study (20). In the Bion-M1 study, the only other murine study to examine endothelial 

function after spaceflight, basilar arteries from the SF group showed a complete abolition 

of EC-dependent vasodilation to ACh (20). Results from the STS-80 study, which 

employed spontaneously hypertensive rats as an experimental model, also indicated a 

reduction in EC-dependent vasodilation to ACh in the SF group compared to VC (27). 

Further, some studies of mice and rats subjected to HU indicated that a significant 

reduction in NO synthesis caused the diminution in EC-dependent vasodilation (102). As 

a result, both ADPβS and ACh were expected to induce significantly less dilation in the 

SF group compared to both control groups, and it was hypothesized that the loss of EC 

NO signaling would mediate that effect.  

 

Differential space radiation exposure should be considered one of the major factors that 

may account for the reduction in ACh-mediated basilar artery vasodilation in the present 

study and the Bion-M1 study. A variety of evidence indicates that radiation exposure 

damages ECs (52,54-56); a few studies have examined vascular function after exposure 

to space-like radiation – i.e. HZE ions (8,60,61). Two studies of mice exposed to total 

body irradiation (TBI) with HZE ion 56Fe show reduced ACh-mediated vasodilation in the 

murine gastrocnemius feed artery two weeks after treatment (8,60). Even 6 to 8 months 
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after irradiation with the HZE 56Fe ion, the murine aorta shows reduced vasodilation to 

ACh (61). The increase in radiation exposure on the ISS compared to Earth therefore is 

likely the cause for diminished vasodilation to ACh in basilar arteries from the RR-9 study. 

The additional 6-fold increase in radiation exposure on the Bion-M1 compared to the ISS 

(20) may account for the complete ablation of vasodilation to ACh that was observed in 

the Bion-M1 study. 

 

While the present study eliminated EDH-mediated vasodilation in basilar arteries by 

employing KCl as a preconstrictor, the Bion-M1 studies maintained both EDH- and NO-

mediated dilatory pathways by using U4 as a preconstrictor (20). The complete lack of 

vasodilation in the basilar arteries from the SF group of the Bion-M1 study indicates that 

NO-mediated (as well as EDH-mediated) signaling was abolished by spaceflight. This 

complete loss of vasodilation in the Bion-M1 study and the reduction in the NO 

component of ACh-mediated vasodilation in the present study suggests that spaceflight, 

potentially through a radiation exposure mechanism, might impair the NO signaling 

pathway. Several pieces of evidence point to oxidative stress, particularly an upregulation 

of xanthine oxidase (XO) as the mechanism by which radiation impairs NO signaling 

(8,113). First, increased ROS production in the aortae of 56Fe-treated mice accompanied 

the decrease in ACh-mediated vasodilation; treatment with oxypurinol, an inhibitor of XO, 

both reduced ROS levels and restored ACh-mediated vasodilation (113). Second, six 

months after 56Fe TBI treatment, increased XO levels were found in both gastrocnemius 

feed arteries and coronary arteries of mice; at this time gastrocnemius feed arteries also 
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displayed impaired vasodilation to ACh (8). It is worth noting that increased plasma F2 

isoprostanes, a marker of global oxidative stress, was measured in astronauts after long-

term spaceflight (114), which has been indicated to impair cerebral autoregulation by 

diminishing the ability of cerebral arteries to dilate (19). Thus, future examination of the 

basilar artery after spaceflight should include assessment of markers of oxidative stress, 

particularly XO upregulation. 

 

In addition to the effect of microgravity and radiation, the effect of pCO2 levels on basilar 

artery vasodilation should be considered, as they were quite different between this study 

and the Bion-M1 study (20). EC-dependent vasodilation of basilar arteries from the HC 

group significantly differed from neither the SF nor the VC group, making it difficult to 

draw conclusions about the effect of carbon dioxide. Even though pCO2 may not have a 

direct effect on endothelial function, vascular remodeling that may be induced by 

increased pCO2 would likely affect the ability of a vessel to vasodilate. However, radiation 

exposure presents a much more direct mechanistic link to EC damage. 

 

Besides radiation exposure and pCO2 levels, there were very few experimental differences 

between the Bion-M1 study and the RR-9 basilar study. The studies were of similar 

duration and examined similarly-aged male C57BL/6 mice, though the RR-9 study 

employed the C57BL/6J substrain from Jackson Labs, while the Bion-M1 study employed 

the C57BL/6N substrain from a European Russian breeding facility (20). Though 

differences in substrain may not seem like an important variable, it should be considered 
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as a possibility that C57BL/6J and C57BL/6N mice may display significant differences in 

vasoreactivity.  

 

Although the NO component of ACh-mediated vasodilation in basilar arteries of the SF 

group is reduced compared to VC, no similar reduction occurs in the NO component of 

ADPβS-mediated vasodilation. This is puzzling, especially since NO signaling has been 

shown to be sensitive to space radiation (8,60,111) and oxidative stress (67). Moreover, 

the present study showed that SF reduces the sensitivity of basilar arteries to NO. In all 

likelihood, the low n number may have prevented our detection of a significant difference. 

Future combination of the present data with those of our collaborators may help to clarify 

these results. 

 

Though strong conclusions cannot be drawn from the examination of ADPβS-mediated 

vasodilation, two points are important to note for future studies. First, it is possible that 

spaceflight may differentially affect EC receptors, so future studies should examine 

receptor-mediated vasodilation with multiple agonists. Second, the role of EDH in 

vasodilation cannot be forgotten; it is possible that spaceflight alters the EDH-mediated 

pathway as well as the NO-mediated pathway. Some evidence of upregulated EDH 

signaling has been observed in mice subjected to HU + TBI treatment (111). Upregulated 

EDH in response to microgravity and radiation might prove to be an important factor to 

consider in future spaceflight studies. The use of ADPβS, an EC-dependent vasodilator 
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that acts partly through EDH-mediated mechanisms (115), may prove to be useful in this 

examination. 

4.4 Endothelium-Independent Vasodilator Responses 

Overall, the data presented in Fig 9 show that murine basilar arteries from the SF group 

of the RR-9 mission display significantly reduced endothelium-independent vasodilation 

to DEA, an NO donor, compared to those of both the VC and HC groups. The impairment 

in basilar artery EC-independent vasodilation was a novel and somewhat unexpected 

result. Because radiation is known to pose a particular risk to ECs (52,61), EC-mediated 

vasodilation has generally been considered a greater spaceflight-related risk than EC-

independent vasodilation. However, the results presented in this work show that even if 

EC-dependent mechanisms remained intact during spaceflight (though they do not), 

vasodilation would still be impaired, as SMCs from spaceflown arteries cannot effectively 

respond to NO. 

 

The only prior examination of EC-independent vasodilation after true spaceflight was the 

STS-80 mission, which employed spontaneously hypertensive rats as an experimental 

model (27). However, the animal’s phenotype prevented researchers from isolating 

impaired SMC dilation as a symptom of spaceflight, as constitutively constricted arteries 

are intrinsic to spontaneously hypertensive rats. Even if the rats had a wild-type genotype, 

results from that model would likely not directly translate to a mouse model (92). Two 

HU + TBI studies of murine gastrocnemius feed arteries did indeed show that simulated 

microgravity can diminish SMC-mediated vasodilation (60,111). In fact, one of those 
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studies showed that HU treatment and TBI treatment individually decreased SMC-

dependent vasodilation to DEA, though both treatments together did not have an additive 

effect (60). However, a third study of the same artery exposed to HU + TBI treatment 

showed no alteration in DEA response (8). Further, a study of murine aortae exposed to 

56Fe radiation also showed no change in dilation to SNP compared to control (61). Ground-

based studies are thus quite variable, but offer some suggestion that both HU and TBI 

should be considered as possible factors that could influence EC-independent 

vasodilation. Further, the use of the HC group in the present study removes the possibility 

that high pCO2 on the ISS was the source of impaired SMC function. In fact, the basilar 

arteries from the HC group actually showed improved vasodilation compared to the VC 

basilar arteries at a low (30nM) dose of DEA. Therefore, it seems that microgravity and 

space radiation are the only two factors that could have caused the loss of SMC-dependent 

vasodilation.  

 

Since radiation and/or microgravity seem to be the only factors that influence SMC-

dependent vasodilation, the mechanism underlying these stressors is important to 

consider. SMC vasodilatory dysfunction must result from either reduced sensitivity to NO 

or an inability to respond to NO. Because NO that diffuses into SMCs interacts with 

soluble guanylate cyclase (sGC) to initiate SMC relaxation, it is conceivable that sGC 

levels are reduced by spaceflight. Reduced sGC levels have been found in diseases that 

feature impaired vasodilation such as hypertension (116-118), and one study showed that 

plasma cGMP, a downstream product of sGC, is decreased in astronauts (119). Much 
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evidence has indicated that sGC is impaired or downregulated by oxidative stress, 

particularly superoxide production by XO (38,120). One study showed that in neonatal 

pulmonary hypertension, a condition marked by increased vasoconstriction and oxidative 

stress, an activator of sGC induced pulmonary artery vasodilation (118). Evidence of 

increased oxidative stress in HU rats (67), TBI mice (8), and astronauts (114,121) has been 

shown, as has evidence of XO upregulation after exposure to TBI (8,60). Although 

oxidative stress induced by spaceflight has previously been largely associated with the 

endothelium (61,113), it is possible that oxidative stress may also affect SMCs, possibly 

by altering sGC levels. Therefore, future experiments examining sGC after spaceflight 

should be performed. In addition to measuring mRNA or protein levels, sGC function can 

be assessed pharmacologically with a specific activator of sGC like cinaciguat (118). If 

SMC-dependent vasodilation to cinaciguat was unchanged in SF animals compared to 

control, some type of NO scavenging in the SMC might be occurring to prevent 

vasodilation. However, decreased vasodilation even after cinaciguat treatment would 

indicate a dysfunction in the SMC dilatory pathway. Although multiple proteins in the 

SMC dilatory pathway could be the cause of this decreased vasodilation, the sensitivity of 

sGC to oxidative stress makes it a prime candidate for alteration by spaceflight (38,120). 

 

Finally, one conflict in our results was the fact that the SF group showed attenuated 

vasodilation to exogenous NO, but not to ADPβS. To resolve this puzzling result, we can 

hypothesize that eNOS uncoupling may be involved in spaceflight-induced vascular 

dysfunction. In the process of eNOS uncoupling, reactive oxygen species (ROS) resulting 
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from oxidative stress impair the binding of cofactor tetrahydrobiopterin (BH4) to eNOS 

(122). Without this vital cofactor, eNOS does not produce NO but instead produces the 

superoxide anion (122). Superoxide further contributes to oxidative stress but also breaks 

down into hydrogen peroxide, which causes vasodilation (123). As a result, EC-dependent 

vasodilation to hydrogen peroxide is neither NO-mediated nor EDH-mediated but is 

sensitive to L-NAME blockade. In this scenario, SMC sensitivity to NO may be 

diminished while EC-mediated vasodilation is sustained, accounting for the results we 

observed. Because of the oxidative stress believed to be experienced by the cardiovascular 

system in spaceflight (114,121), EC uncoupling may prove to be an important mechanism 

of vascular dysfunction and should be investigated. 

 

4.5 Conclusion 

This study aimed to identify structural and functional alterations of the murine basilar 

artery induced by spaceflight. Supporting previous results, we found that basilar artery 

structure and mechanics were not significantly altered by 33 days in LEO, but many 

pharmacological responses were. Some results, like diminished vasoconstriction, were 

seen in prior studies, while others, like reduced SMC-dependent vasodilation, were 

observed for the first time in a spaceflight study. Overall, the data presented in this study 

may aid in our understanding of spaceflight-induced changes in cerebral artery 

physiology, hopefully contributing to safer space travel for future astronauts. 
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