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ABSTRACT 

Orthostatic intolerance following exposure to simulated or actual microgravity is 

observed following spaceflight and extended periods of bed rest, and is not always associated 

with simultaneous hypotension.  Differential adaptation of cephalic and caudal arterial 

vasculatures (as a result of removal of the normal hydrostatic gradient) is proposed as a potential 

mechanism underlying this phenomenon.  A potential role for changes to the L-arginine/nitric 

oxide pathway in such adaptations has been suggested, predominantly from previous in vitro 

studies; using an established model of simulated microgravity (head-down tilt; HDT).  This 

thesis investigates whether findings in isolated vessels are reflected by in vivo measurements of 

cephalic and caudal vascular function. 

Using carotid or iliac artery flow normalized to mean arterial pressure as an index of 

cerebral or hind limb vascular conductance, autoregulatory cerebral vasodilatation in response to 

lower body negative pressure was found to be impaired following HDT.  In addition, α1-

adrenoceptor agonist-mediated vasoconstriction was decreased in the cerebral vasculature and 

increased in the peripheral and hind limb vasculature.  Administration of acetylcholine or the 

non-selective nitric oxide synthase (NOS) inhibitor Nω-nitro-L-arginine methyl ester (L-NAME) 

demonstrated a decreased contribution of NOS to cerebrovascular tone, but an increased 

contribution of NOS to peripheral vascular resistance and tone of the hind limb vasculature.  

Together with a lack of difference in the response to the selective inducible NOS (iNOS) 

inhibitor 1400W, these results suggest that differential adaptation of eNOS may account for the 

observed differences between control and HDT animals.   

Further investigation of the changes to the L-arginine/nitric oxide pathway suggest that 

these changes are not associated with changes in eNOS expression, but may be related to altered 
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activity of eNOS.  Furthermore, the bioavailability (as measured by pharmacokinetic half life) 

or the vascular effector mechanisms (as measured by the haemodynamic response to 

exogenously administered nitric oxide) responsible for the effects of nitric oxide were also 

shown to be unaffected by HDT. 

These findings suggest that differential adaptation of the L-arginine/nitric oxide pathway 

may contribute to the inability to raise total peripheral resistance and impaired cerebral 

autoregulation following HDT, thereby representing a mechanism of orthostatic intolerance 

following exposure to microgravity. 
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1. INTRODUCTION 

1.1 OVERALL PHYSIOLOGICAL ADAPTATION TO MICROGRAVITY 

1.1.1 Overview 

Thousands of years of evolution under the influence of the earth’s gravitation field have 

resulted in the physiological adaptation by most bipeds to the forces imparted on the body when 

in an upright position.  With respect to the cardiovascular system, such forces result in a 

hydrostatic pressure gradient along the cephalocaudal axis, from brain to the feet (~70 to ~200 

mmHg in humans) (Gauer & Thron, 1965).  Upon exposure to extremely low gravitational 

forces (microgravity) or assumption of a supine position, mean arterial pressure (MAP) 

measured at the level of the head, heart and feet equilibrates to ~100 mmHg (Charles & Lathers, 

1991; Gauer & Thron, 1965). It is important to note that in the context of this area of research, 

the term microgravity refers to the reduced gravitational force experienced in space compared 

with that on earth.  The terms ‘weightlessness’ or ‘zero-gravity’ are misnomers as in space 

gravity is not absolutely zero.  Microgravity should also not be considered to be exactly 10-6 of 

the gravity on earth (1 µG), as measurements of gravitational forces in the International Space 

Station show an array of multi-directional accelerations of varying magnitude - an average of 

these measurements gives an approximate gravitational force experienced in space of a few µG 

(Nelson & Jules, 2004).  Until the first manned spaceflight by the Soviet cosmonaut Yuri 

Gagarin in 1961 (Rauschenbach et al., 1993), exposure to microgravity in humans was limited 

to brief periods lasting just a few minutes (if not seconds) experienced by freefalling 

parachutists or by high performance air force or stunt pilots during manoeuvres involving 

gravitational forces approaching (or sometimes exceeding) 0 g (Haber & Haber, 1950). 
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Apart from these brief periods experienced by pilots, the most similar environment to 

that of microgravity (from a physiological perspective) experienced by most humans prior to the 

advent of spaceflight was during periods of prolonged bed rest (Pavy-Le Traon et al., 2007).  As 

mentioned above, assumption of a supine position removes the downwards forces experienced 

by the various systems of the body in an upright position, including the cardiovascular, central 

nervous and musculoskeletal systems (Gauer & Thron, 1965; Nicogossian et al., 1994).  One of 

the earliest formal observations of the deleterious effects of long-term bed rest was that of the 

reduction in bone mineral density.  Contrary to general medical practice at the time (that 

assumed bed rest to be a universal remedy for a variety of common ailments) an American 

physician studying bone loss in polio victims during the 1940s speculated that the increased 

calcium excretion observed in these patients may be independent of the disease itself, and may 

actually be due to the prolonged period of immobility whilst being treated.  In a simple, yet 

elegant clinical trial, decreased leg bone density (associated with increased excretion of 

calcium) was observed following 30 days of bed rest in healthy male volunteers (Dietrich et al., 

1948). 

The similarities between bed rest and exposure to actual microgravity became apparent 

during the American Gemini program in the 1960s, which involved the longest duration of 

spaceflight at that time of 14 days.  Just as in the earlier bed rest study by Dietrich et al. (1948), 

a loss of lower limb bone density associated with loss of bone calcium was observed to varying 

degrees in all crew members (Calvin & Gazenko, 1975).  An additional observation common to 

nearly all spaceflights part of the Gemini program longer than 24 hrs in duration was that of 

orthostatic intolerance (Buckey et al., 1996; West, 2000).  Defined as the inability to maintain 

cerebral perfusion upon moving from a supine or seated position to standing (leading to loss of 

consciousness)(Streeten, 1999), orthostatic intolerance has also been observed in countless 
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studies on the physiological effects of bed rest (Pavy-Le Traon et al., 2007).  This confirmed the 

speculation by medical and scientific communities that removal of the hydrostatic pressure 

gradient normally exerted on the cardiovascular system by gravity during exposure to 

microgravity may induce changes in the cardiovascular system that can pose a hindrance to 

normal function both during spaceflight, and following return to the 1 g environment of earth 

(Watenpaugh & Hargens, 1996). 

The major initial consequences of the loss of pressure gradient are a shift of fluid from 

the interstitial space of the splanchnic bed and lower extremities to the blood compartment 

accompanied by a cephalad (headwards) movement of blood to the thoracic vasculature.  

Relative to normal conditions, cerebral arterial pressure is increased while lower extremity 

arterial pressure is decreased (Arbeille et al., 1996; Aubert et al., 2005; Watenpaugh & Hargens, 

1996).  The net effects of these changes on the cardiovascular system during chronic (greater 

than 24 hr) periods of microgravity exposure are numerous, and include changes in vascular 

structure, function, and neural/neurohumoral modulation, in addition to altered control of blood 

volume (Charles et al., 1994; Johnson, 1979; Zhang, 2001).  These adaptations presumably 

occur to match physiological function with the body’s new environment (i.e. microgravity), 

such is the nature of human physiology (and a large part of our success as a species!).  It is 

therefore inaccurate to think of this phenomenon as a disease per se, or even a maladaptation.  

However when the body is once again subjected to orthostatic stress - either following return to 

earth from space or recovery from an extended period of bed-rest - such adaptation is no longer 

appropriate and can result in a compromised compensatory reserve to orthostatic challenge, 

manifested by pre-syncopal or syncopal episodes (Buckey et al., 1996; Charles et al., 1994; 

Convertino, 2002). 
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The current body of research investigating the physiological processes involved in 

cardiovascular adaptation to microgravity reveals a complex aetiology, with all major 

components of the cardiovascular system being involved to a certain degree (Aubert et al., 

2005; Charles et al., 1994; West, 2000).  Furthermore, these changes likely do not occur 

independently of the non-cardiovascular adaptations that are well characterized following 

microgravity exposure, including skeletal muscle atrophy (Turner, 2000), bone demineralisation 

(Fitts et al., 2000), and neurological changes (Edgerton & Roy, 2000).  Moreover, as shown in 

Figure 1-1, different physiological systems adapt over different time courses, which may be 

divided into three main phases (Watenpaugh & Hargens, 1996): 

o immediate response (seconds to minutes); e.g. cephalic fluid shift and decreases in central 

venous pressure 

o short term acclimatisation (hours to days); e.g. neurovestibular disturbances and decreased 

plasma volume. 

o long term adaptation (weeks to months); e.g. skeletal muscle atrophy, bone demineralisation 

and cardiovascular deconditioning. 
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1.1.2 Non-cardiovascular adaptation to microgravity 

While the focus of this thesis concerns adaptations specific to the cardiovascular system, 

it is of importance to briefly consider the nature of the major changes observed in other 

physiological systems.  Contrary to the glamorous impressions portrayed by the media, initial 

exposure to the microgravity environment of space flight can induce several undesirable 

symptoms, including facial oedema, back pain, headache, congestion, nausea and vomiting 

Figure 1-1 - Timeline of changes to major physiological systems in response to microgravity 

Approximate percentage change in selected physiological functions in response to exposure to 

microgravity.  Data is compiled from 289 crew members from spaceflights between 1961 and 1996.  The 

duration of spaceflight varies considerably between subjects, with only 46 crew members completing 

missions longer than 1 month.  While extrapolation from this relatively small, statistically biased sample 

to the general population is problematic, general trends (which are mirrored to a large degree from earth 

based human and animal simulations) can be observed.  For instance, cardiovascular function and body 

fluid levels begin to change within hours of microgravity exposure, whereas bone demineralization and 

muscle atrophy do not peak until 4-6 months in space (adapted with kind permission from Nicogossian et 

al., 1994). 
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(Graebe et al., 2004; Williams, 2003).  As the duration of spaceflight increases, these acute 

symptoms largely subside as the body begins to adapt to the new environment.  While the initial 

responses to microgravity may produce some mild undesirable symptoms, the short term 

acclimatisations and long term adaptations to microgravity pose the greatest risk to the health 

and normal functioning of crew members during, and particularly following, longer duration 

spaceflight.  In this regard, the physiological systems that are affected by microgravity to the 

largest extent (exhibiting marked changes in function) are the musculoskeletal, neurovestibular, 

pulmonary, immune and endocrine systems (Graebe et al., 2004; Nicogossian et al., 1994; West, 

2000). 

1.1.2.1 Adaptation of the musculoskeletal system 

 Possibly one of the more pronounced non-cardiovascular adaptations to microgravity 

occurs in the musculoskeletal system, where the removal of gravitational loading results in both 

muscle atrophy and a loss of bone mineral density (Turner, 2000).  As observed in the 

aforementioned study of the effects of prolonged bed rest on bone metabolism in healthy 

individuals in the 1940s (Dietrich et al., 1948), significant bone loss was observed during the 84 

day US Skylab mission in 1972.  This condition, suggested as being similar in nature to disuse 

osteoporosis was associated with decreased os calcis density, hypercalcaemia, 

hyperphosphataemia and increased calcium excretion (Johnston & Dietlein, 1977; Schneider et 

al., 1994).  Similar observations have been made in other longer duration missions (Caillot-

Augusseau et al., 1998; Grigoriev et al., 1991; Smith et al., 1999), with average bone mineral 

density losses of 1-2 % per month being reported for load-bearing bones (Bikle et al., 1997; 

Schneider et al., 1994; Turner, 2000).  In addition to an increased risk of fractures from 

decreased bone strength, the associated hypercalciurea results in a significant risk of renal stone 

formation (Whitson et al., 2001; Whitson et al., 1999). 
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 Given the effects on load-bearing bones of prolonged exposure to microgravity, it is 

perhaps reasonable to expect analogous deterioration in skeletal muscle during extended 

spaceflight - particularly ‘anti-gravity’ muscle groups used for maintenance of posture that are 

continually opposing the effects of gravity under normal conditions.  Indeed, decreases in 

muscle mass, force and power have been well documented following longer duration 

spaceflights (Johnston & Dietlein, 1977; Riley & Ellis, 1983; Rummel et al., 1975).  Muscle 

atrophy and loss in lean body mass, associated with a decline in peak force and power are likely 

exacerbated by decreases in body fluid volume (Fitts et al., 2000; Leonard et al., 1983).  For 

example, maximal voluntary contractions of the plantar flexor muscle were decreased by 20 – 

48 % following a 6 month mission (Fitts et al., 2001).  Further to losses in mass and strength, 

increased muscle fatigue and ataxia are also observed, posing additional impairments on normal 

function during missions and upon return to earth (Jaweed et al., 1994; Riley, 1999). 

 It is clear that the effects of prolonged exposure to microgravity on the musculoskeletal 

system have significant implications for not only normal function during space missions, but to 

the post-mission recovery process.  Compared with the adaptations of other physiological 

systems to microgravity, the time course of reversal of these adaptations upon return to earth is 

substantial; the rate of recovery of bone mineral density and muscle mass has been found to be 

proportional to the duration of microgravity, and progresses more slowly than the original rate 

of loss (Bikle et al., 1997; Turner, 2000). 

1.1.2.2 Adaptation of the neurovestibular system 

 As with the rest of human physiology, the neurovestibular system has evolved under the 

stable influence of the earth’s gravity.  It is therefore not surprising that in a microgravity 

environment, conflicting afferent information from the eyes, joint and muscle proprioceptors 

and the vestibular system result in a plethora of clinical features (including disorientation, 
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dizziness, malaise, nausea and vomiting), collectively know as space motion sickness (Reschke 

et al., 1994).  The incidence of this condition ranges from 40 – 70 % of crew members during 

the first two to three days in space (Davis et al., 1988; Simanonok & Charles, 1994), and despite 

the symptoms subsiding relatively quickly, the impairment of normal function due to space 

motion sickness can cause poses a major problem.  This is perhaps reflected by the report that 

drugs to treat the symptoms of space motion sickness constitute ~50% of all medications 

distributed to crew members (Putcha et al., 1999). 

 Unlike some of the other physiological adaptations to microgravity, neurovestibular 

disturbances are not usually observed following prolonged bed rest (Pavy-Le Traon et al., 

2007).  For this reason, the mechanisms underlying the phenomenon are under-researched 

relative to adaptations to the musculoskeletal or cardiovascular systems (West, 2000).  Based on 

the similarity of the symptoms exhibited by crew members to space motion sickness with those 

of terrestrial motion sickness, a common aetiology between the two may be suspected.  

However, there is a poor correlation between susceptibility of the two forms; crew members 

prone to motion sickness on earth were not necessarily always sufferers of space motion 

sickness, and vice versa (Davis et al., 1988). 

1.1.2.3 Adaptation of the pulmonary system 

 Prolonged exposure to a pressurised, artificial atmosphere, such as that experienced 

during space flight or in the International Space Station, coupled with a microgravity 

environment may be expected to affect pulmonary function to some degree.  Indeed, changes in 

ventilation, perfusion, functional residual capacity and residual volume occur within hours of 

exposure to microgravity (Prisk, 2000).  Perhaps surprisingly, and despite these changes, lung 

function has not been found to be seriously impaired during or following even longer duration 

spaceflight.  On the contrary, some aspects of pulmonary function show improvement; increased 
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homogeneity of tissue ventilation and perfusion was associated with improved membrane 

diffusion capacity during nine days of microgravity (Verbanck et al., 1997).  This improvement 

may be countered somewhat by decreases in functional residual capacity and forced vital 

capacities (Elliott et al., 1996; Prisk et al., 1994), although the overall effect of these changes is 

considered negligible (West et al., 1997). 

1.1.2.4 Adaptation of the immune system 

 The thorough health screening and monitoring that precedes an astronaut’s inclusion in a 

space program minimises to a large extent the possibility of infection with pathogenic 

microorganisms during the mission (Taylor et al., 1986).  Nonetheless, infectious disease has 

occurred during spaceflights, including gingivitis and skin infections (Ferguson et al., 1975; 

Taylor & Nicogossian, 1977).  These types of host-microbe infections suggest that immune 

function may be reduced sufficiently by microgravity that the tight regulation of the normally 

benign microflora of crew members is impaired (Hawkins et al., 1975). 

Extensive investigation into the effect of microgravity on the immune system has 

confirmed an overall suppression in both primary and secondary immune responses (Manie et 

al., 1991; Sonnenfeld, 1999).  Delayed-type hypersensitivity skin responses to several common 

antigens were reduced following spaceflight durations as short as 3 – 5 days (Taylor & Janney, 

1992).  Analysis of leukocyte populations following spaceflight reveals several changes, 

including a reduction in the number of eosinophils and lymphocytes.  In addition to decreased 

numbers, the activity of lymphocytes was also found to be decreased in astronauts compared to 

pre-flight values (Taylor & Dardano, 1983). 
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1.2 CARDIOVASCULAR ADAPTATION TO MICROGRAVITY 

Cardiovascular adaptation to microgravity, often referred to as cardiovascular 

deconditioning, has been observed in astronauts after space flights as short as 24 hours (Charles 

et al., 1994; Ferguson et al., 1975; Johnston & Dietlein, 1977; Watenpaugh & Hargens, 1996).  

Such adaptation is manifested primarily by orthostatic intolerance  – the inability to maintain 

adequate cerebral perfusion upon standing when the astronaut returns to a 1-G environment, as 

determined by the inability to complete a 10 min stand test (Buckey et al., 1996; Johnston & 

Dietlein, 1977).  The consequences of this phenomenon are obviously a hindrance to the post-

flight debriefing process and can prolong the time required for full recovery from the mission.  

Furthermore, such adaptations following microgravity exposure mirror to a large degree the 

cardiovascular deconditioning following prolonged bed rest, such as following spinal cord 

injury, and may have relevance to individuals with chronic orthostatic intolerance (Convertino, 

2002; Vaziri, 2003). 

1.2.1 Observations from human studies of actual and simulated microgravity 

With the obvious limitations to conducting controlled physiological experiments in 

space, coupled to the small number of space flights each year - to date less than 650 people have 

flown in space (Aubert et al., 2005) - mechanisms underlying cardiovascular adaptation to 

microgravity remains poorly understood.  Sufficient and accurate measurements of baseline 

physiology alone presents a significant challenge, given the temporal and spatial constraints 

associated with current space missions; scientific experimentation, investigating 

pharmacological or non-pharmacological countermeasures to such adaptations in human 

subjects is even more scarce.  Despite these challenges, much research, including the SpaceLab 

missions of the 1980s and 1990s (specifically designed to investigate changes in human and 
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laboratory animal physiology in space) have provided excellent insights into the mechanisms 

underlying the physiological responses to microgravity, particularly in the early stages of space 

flight (Gabrielsen et al., 1995; Johnston & Dietlein, 1977; Sulzman, 1996).   

The similarities between many of the physiological responses to microgravity and 

prolonged bed rest resulted in the development of the head-down bed rest (HDBR) model for 

simulating microgravity on earth (Pavy-Le Traon et al., 2007).  Indeed, this modification of the 

original trial by Dietrich et al. (1948) involving a -6° head down tilt has proved an invaluable 

tool for simulating microgravity, with particular usefulness for reproducing the effects of 

spaceflight on the musculoskeletal and cardiovascular systems.  In this section, the observations 

relating from both spaceflight and HDBR studies are discussed. 

1.2.1.1 Microgravity causes central hypovolaemia 

 The predominant changes in renal function observed in response to microgravity 

exposure involve body fluid volume and electrolyte homeostasis (Charles & Lathers, 1991; 

Huntoon et al., 1994).  Reductions in total circulating blood volume have been observed in most 

studies that include such measurements (Johnson, 1979; Johnston & Dietlein, 1977; Leach et al., 

1976).  The hypovolaemic response to microgravity, particularly in light of the expected central 

fluid shift, was predicted by physiologists long before the advent of space flight.  However, 

early studies during space flight elicited somewhat surprising results.  Indeed, total circulating 

blood volume was decreased, but the anticipated classical Henry-Gauer reflex (Henry et al., 

1956) - predicted based on observations in the ground-based ‘head-down tilt’ model - did not 

occur.  Natriuresis not only failed to increase, but sodium excretion was less compared with pre-

flight supine measurements (Drummer et al., 1993; Norsk et al., 1995) and urine production has 

also been reported to be attenuated (Drummer et al., 2000; Johnston & Dietlein, 1977; Norsk et 

al., 2000).  Proposed mechanisms for this anomalous response include attenuation of the 
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expected rise in atrial pressure (and therefore less of an increase in atrial natriuretic peptide 

secretion compared to what may be predicted) due to increased distensibility of the pulmonary 

vasculature produced by decreased pleural pressure (Videbaek & Norsk, 1997).  Instead of 

diuresis/natriuresis, chronically increased extravasation of fluid into the interstitium and reduced 

erythrocyte volume has been suggested as the primary cause of decreased circulating blood 

volume (Alfrey et al., 1996; Leach et al., 1996). 

 As might be expected in response to hypovolaemia, plasma antidiuretic hormone (ADH) 

levels are increased between 5 and 24 hours after exposure to microgravity, and remain more 

than two-fold higher than pre-flight levels until at least 5 days (Leach et al., 1976).  As 

hypovolaemia persists for the duration of microgravity exposure, the normal physiological 

effect of increasing ADH is presumably negated by the several other changes to endocrine 

function observed in microgravity (Drummer et al., 2000).  Plasma renin activity has been 

observed to fluctuate greatly during the time course of the mission: an initial decrease occurs 

within hours of launch, followed by an increase compared to pre-flight values approximately 48 

hrs later (Leach, 1986; Leach et al., 1996).  Furthermore, aldosterone levels are also increased, 

likely in an attempt (together with increased ADH release) to restore blood volume (Drummer et 

al., 2001). 

1.2.1.2 Microgravity produces a cephalad fluid shift 

As mentioned previously, probably the most pronounced and immediate cardiovascular change 

upon entering microgravity is the translocation of blood from the lower extremities to the 

thoracic and cephalic circulation (Figure 1-2), manifested primarily by reduced leg volume and 

facial oedema (Charles & Lathers, 1991; Christensen et al., 2001; Johnston & Dietlein, 1977).  

Coupled with an acute fluid shift from the interstitial space to the blood compartment in the 

lower body, this leads to transient rises in thoracic volume, cardiac output and arterial pressure 
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(Johnston & Dietlein, 1977).  A more sustained increase in transmural pressure (calculated from 

measured cerebral blood flow velocity) in cerebral arteries has been reported (Kawai et al., 

1993), and has been proposed as the stimulus for the differential adaptation observed in cerebral 

arteries compared with peripheral (located outside of the brain, heart and other major organs) 

arteries from animal models of simulated microgravity (Wilkerson et al., 1999; Zhang et al., 

2001). 

Despite the observed reductions in circulating blood volume, many studies have revealed 

that hypovolaemia may play only a peripheral role in the orthostatic intolerance observed after 

microgravity exposure, as maintenance or restoration of blood volume has not been found to be 

a consistently effective countermeasure (Buckey et al., 1996; Convertino, 2005; Meck et al., 

2001).  This has shifted emphasis away from the theory of hypovolaemia as the sole mechanism 

underlying cardiovascular deconditioning to the proposal that attenuated neurohumoral control 

of blood pressure (with particular emphasis on inadequate peripheral artery vasoconstriction), 

coupled with inappropriate cerebral artery autoregulatory vasoconstriction, as co-determinants 

of the inability to maintain adequate cerebral perfusion during orthostatic challenge (Blomqvist 

et al., 1994; Buckey et al., 1996; Herault et al., 2000; Mulvagh et al., 1991; Zhang et al., 1997). 
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1.2.1.3 Microgravity affects autonomic control of blood pressure 

 Due to the obvious role of autonomic baroreceptor-mediated control of arterial blood 

pressure in response to orthostatic challenge, it is not surprising that dysfunction of this process 

Figure 1-2 - Diagrammatic representation of body fluid distribution in response to microgravity 

Acute exposure to microgravity results in a significant cephalad fluid shift; the effects of which result in 

readily-observable symptoms, including periorbital puffiness, facial oedema, distension of the veins in 

the temple and forehead, and nasal congestion.  These symptoms are accompanied by decreases in lower 

limb volume, with decreases in calf circumference of up 30% reported within 48 hrs of spaceflight.  

Within 3-5 days, adaptation of the cardiovascular system compensates for the cephalad fluid shift, in 

addition to the decreases observed in plasma volume; overall, these adaptations result in compromised 

ability to maintain adequate cardiac output, total peripheral resistance and cerebral perfusion during 

orthostatic challenge, i.e. orthostatic intolerance (adapted with kind permission from Charles et al., 

1994). 
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has received much attention as a possible mechanism of cardiovascular deconditioning and the 

associated orthostatic intolerance (Convertino et al., 1990; Crandall et al., 1994).  

Unfortunately, research in this area has proved to be disappointingly inconclusive, plagued by 

conflicting results and a high degree of variability between studies, even from the same 

laboratory during different missions (Convertino, 2002; Watenpaugh & Hargens, 1996).  One 

consistent observation is sustained bradycardia during space flight compared with pre-flight 

(Gundel et al., 2002; Migeotte et al., 2003); other findings also support a theory of vagal 

predominance in response to microgravity (Aubert et al., 2005; Beckers et al., 2003).   

A reduction in stroke volume has been observed repeatedly in response to orthostatic 

challenge following either spaceflight or HDBR (Buckey et al., 1996; Bungo & Johnson, 1983; 

Convertino et al., 1994; Whitson et al., 1995).  Given the central role that stroke volume plays 

in determining cardiac output (and therefore arterial pressure), it is reasonable to assume that 

any changes in the key determinants of stroke volume (i.e. preload, afterload, myocardial 

function and autonomic cardiac control)(Rowell, 1993) in response to orthostatic stress would 

have substantial effects on the ability to maintain adequate cardiac output and arterial pressure.  

For this reason, many spaceflight and HDBR studies have included measurements of indices of 

the above determinants (Buckey et al., 1996; Bungo & Johnson, 1983; Convertino et al., 1994; 

Whitson et al., 1995).  Perhaps surprisingly, significant changes in intrinsic cardiac function 

have not been observed in response to microgravity (Bungo & Johnson, 1983; Watenpaugh & 

Hargens, 1996), and while some slight changes in myocardial mass have been demonstrated in 

longer duration missions, this is thought to reflect negative caloric balance and general loss of 

body mass routinely observed, and is not associated with deleterious effects on cardiac function 

(Bungo & Johnson, 1983; Perhonen et al., 2001).  In addition to changes in vagal activity, some 

evidence exists suggesting cardiac sympathetic neural traffic is altered following spaceflight or 
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HDBR, but as this was not correlated with significant effects on overall cardiac function, the 

relevance of these finding to the effects of microgravity on the control of arterial pressure is 

unclear (Convertino, 2002; Fritsch-Yelle et al., 1994; Whitson et al., 1995). 

As proposed by Blomqvist and colleagues (Blomqvist et al., 1994; Buckey et al., 1993) 

it is fair to anticipate that adaptation of the autonomic/neurohumoral control of arterial pressure 

may occur at many levels, including afferent neuronal input (Grigoriev & Egorov, 1996; Kirsch 

et al., 1984), central processing (Blomqvist et al., 1994; Fritsch-Yelle et al., 1994) efferent 

neuronal output (Cooke et al., 2000; Eckberg, 2003) and the effector organ i.e. the vasculature 

(Delp et al., 2000; Zhang, 2000).  While investigation of each component is certainly warranted, 

the scope of this thesis is limited to how adaptations of the vasculature in response to 

microgravity affect its function in relation to maintenance of adequate arterial blood pressure 

and cerebral perfusion. 

1.2.1.4 Microgravity increases venous compliance 

 From the observations discussed earlier regarding changes in stroke volume in response 

to spaceflight or HDBR, reductions in cardiac preload (i.e. cardiac filling pressure) would have 

obvious negative implications for maintenance of cardiac output in response to orthostatic 

challenge.  Indeed, increased venous compliance, defined as the ratio of a change in volume to a 

simultaneous change in transmural pressure (Shoukas & Sagawa, 1971), has been demonstrated 

following both spaceflight and HDBR (Belin de Chantemele et al., 2004).  Given that ~70 % of 

total blood volume is contained within the venous system, changes in its capacity have 

significant effects on venous return, and subsequently, cardiac output and blood pressure 

(Rowell, 1993).  For this reason, together with blood volume, arterial compliance/resistance, 

heart rate and contractility, venous tone plays a central role in the regulation of blood pressure 

(Greenway, 1981; Guyton et al., 1964). 
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Early increases in venous compliance upon initial exposure to microgravity are likely 

due to reduced leg interstitial fluid volume and pressure (Kirsch et al., 1993; Nixon et al., 1979), 

whereas following prolonged exposure to microgravity, adaptations (reduction) of skeletal and 

vascular muscle mass may increasingly contribute to reductions in compliance (Arbeille et al., 

2008; Hoffler et al., 1975; Thornton et al., 1977).  These findings are limited by the techniques 

used to determine compliance - measurement of compliance using conventional venous 

occlusion plethysmograpy does not allow differentiation between the effects of extracellular vs. 

vascular components - therefore the relative contributions of each are unclear (Belin de 

Chantemele et al., 2004; Watenpaugh & Hargens, 1996).  However, observations from leg blood 

flow studies following spaceflight suggest that sympathetically-mediated venoconstriction 

occurs (presumably to oppose the increases in compliance).  These findings have led to the 

consensus that decreased skeletal muscle mass and fluid pressure, and not changes in venous 

tone, are largely responsible for the increases in leg compliance (Arbeille et al., 2008; Buckey et 

al., 1988; Convertino et al., 1988; Thornton et al., 1977; Watenpaugh & Hargens, 1996). 

1.2.1.5 Microgravity compromises the ability to raise total peripheral resistance  

There is an increasing body of evidence suggesting that adaptation at the level of 

vascular structure and function plays a major role in cardiovascular deconditioning (Aubert et 

al., 2005; Watenpaugh & Hargens, 1996).  It has been long established that vasoconstriction of 

peripheral arteries is essential for maintaining adequate arterial pressure upon orthostatic 

challenge (Rowell, 1993; Watenpaugh & Hargens, 1996).  Investigation of structural changes in 

the vasculature in response to microgravity in humans is obviously less feasible than in animal 

models, so the vast majority of such research has been performed using animal models.  

However, much functional data exists to support the theory of altered vascular function 

following spaceflight or HDBR.  Impairment in the ability to increase total peripheral resistance 
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(TPR) in response to orthostatic challenge following spaceflight has been observed repeatedly 

(Waters et al., 2002).  Interestingly, this has been shown to occur despite increases in circulating 

plasma catecholamine concentrations (Whitson et al., 1995), although results from a similar 

study suggest that a simple attenuation of the pressor response to catecholamines may not 

always explain such findings (Fritsch-Yelle et al., 1996b). 

Two main hypotheses have emerged based on the above (and other) observations 

regarding the impaired ability of the sympathetic nervous system to adequately elevate TPR 

following adaptation to microgravity:  Convertino suggests that a reduced vasoconstrictor 

reserve is responsible, based on the finding that basal vasoconstriction was actually increased 

during supine rest following space flight or HDBR (Convertino, 2002; Gabrielsen et al., 1995).  

This has been proposed to compromise the capacity to buffer hypotension upon orthostatic 

challenge.  Moreover, while plasma volume, stoke volume, and baroflex function have all been 

observed to be decreased following exposure to real or simulated microgravity, negligible 

differences between astronauts with retained or compromised orthostatic tolerance have been 

found (Convertino, 2002).  In contrast, a lower vasoconstrictor reserve has been repeatedly 

found in orthostatic intolerant subjects compared with tolerant subjects.  This variable has been 

correlated to failure to complete a ten-minute stand test following space flight (Fritsch-Yelle et 

al., 1996a; Fritsch-Yelle et al., 1996b; Waters et al., 2002), and furthermore, has been 

demonstrated as being a contributing factor to individual variability in orthostatic intolerance in 

healthy volunteers (Fu et al., 2004a).   

The alternative theory offered by Vaziri is that impaired vasoconstriction following 

microgravity exposure may be due to the chronic overproduction of endogenous 

vasoconstrictors such as noradrenaline and angiotensin II (Vaziri, 2003).  The rationale being 

that overproduction of such mediators during exposure to microgravity would likely lead to 
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downregulation in receptor expression/signal transduction pathways and subsequently a 

decreased response to exogenous administration of the agonists (Vaziri, 2003).  Indeed, the 

pressor response to vasoconstrictors such as noradrenaline has been consistently found to be 

blunted following exposure to microgravity or HDBR (Fritsch-Yelle et al., 1996b; Hargens et 

al., 1992; Whitson et al., 1995). 

A further hypothesis is that instead of diminished vasoconstrictor capacity, microgravity 

exposure alters vasodilator tone (Aubert et al., 2005; Convertino et al., 1997; Sandler et al., 

1985; Zhang, 2001).  There is limited evidence supporting this hypothesis in human studies, 

with the primary rationale stemming from the observation that β-adrenoceptor-mediated 

vasodilatation was increased following 14 days HDBR (Convertino et al., 1997).  However, 

only a limited benefit was demonstrated in an earlier study investigating the effectiveness of 

propranolol as a countermeasure to the cardiovascular deconditioning following HDBR; in some 

cases, orthostatic intolerance was in fact exacerbated from excessive inhibitory chronotropic and 

inotropic effects (Sandler et al., 1985).  This hypothesis is also in contrast to findings from 

HDBR studies measuring forearm blood flow in response to various physiological challenges 

that suggest that vasodilatation is decreased following exposure to simulated microgravity 

(Demiot et al., 2007; Shoemaker et al., 1998).  Interestingly, in a similar HDBR study, 

administration of a low calorie, low fat diet was found to offer some degree of protection against 

such adaptations (Hesse et al., 2005). 

1.2.1.6 Microgravity differentially affects cephalic and caudal arterial beds  

In contrast to the aforementioned observations with regards to the peripheral vasculature 

(i.e. the vasculature outside of the brain, heart or other major organs), cephalic arteries appear to 

adapt differently to microgravity (Watenpaugh & Hargens, 1996; Wilkerson et al., 2005; Zhang 

et al., 2001).  It has been proposed that exposure to microgravity produces a reversal of the 
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transmural pressures exerted on different vascular beds, relative to the hydrostatic indifference 

point (Hargens et al., 1992).  The hydrostatic indifference point is defined as the point in the 

circulatory system where hydrostatic pressure remains constant regardless of changes in body 

position relative to the gravitational vector (Gauer & Thron, 1965).  In humans, this is estimated 

at being approximately at the level of the diaphragm.  Under normal (1-G) conditions the 

cerebral vasculature experiences transmural pressures significantly lower than vascular beds 

caudal to the hydrostatic indifference point (Gauer & Thron, 1965), whereas upon exposure to 

microgravity removal of the hydrostatic pressure gradient results in equilibration of arterial 

pressures throughout the vasculature, resulting in increased and decreased transmural pressure 

in cephalic and peripheral vascular beds, respectively (Blomqvist et al., 1983; Watenpaugh & 

Hargens, 1996).  In order to maintain constant cerebral perfusion, the autoregulatory capacity of 

the cerebral vasculature alters resistance in response to changes in perfusion pressure, such that 

increased pressure (as observed during exposure to microgravity) results in increased vascular 

resistance (autoregulatory vasoconstriction), while decreases in pressure are compensated for by 

decreases in vascular resistance (autoregulatory vasodilatation)(Heistad et al., 1983; Rowell, 

1993).  Autoregulation of cerebral arteries is discussed in further detail in a later section. 

Using different techniques to measure cerebral blood flow/tissue perfusion at varying 

arterial pressures (and therefore estimate cerebral vascular resistance), exaggerated cerebral 

artery autoregulatory vasoconstriction/lack of autoregulatory vasodilatation - manifested by 

increased cerebral vascular resistance - has been suggested following space flight and bed rest 

(Arbeille et al., 1996; Gazenko et al., 1981; Herault et al., 2000; Zhang et al., 1997).  Upon 

return to earth, the adaptation observed in cerebral artery function persisted for longer (up to 5 

weeks) than most other cardiovascular adaptations reported to date (Gazenko et al., 1981; 

Herault et al., 2000).  Furthermore, cerebral autoregulation over the lower end of the flow-
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pressure curve was found to be impaired following HDBR (Zhang et al., 1997).  This has led to 

the suggestion that adaptation of the cerebral circulation to chronic elevation in perfusion 

pressure experienced during microgravity may contribute to postflight orthostatic intolerance 

(Watenpaugh & Hargens, 1996; Zhang, 2001).  

Comparison of arterial control of blood flow between cerebral arteries and femoral 

arteries using echo-Doppler flowmetry following spaceflight has revealed a tendency towards 

decreased resistance in femoral arteries, thereby further decreasing the cerebral:femoral blood 

flow ratio (Herault et al., 2000; Tobal et al., 2001).  Moreover, decreases in the cerebral:femoral 

blood flow ratio were associated with reduced orthostatic tolerance, supporting the growing 

consensus that cerebral vasculature adapts in the opposite way to vascular beds caudal to the 

hydrostatic indifference point (Purdy et al., 2003; Tobal et al., 2001).  Together with the 

findings from animal models (discussed below), these observations have lead to the proposal of 

differential adaptation of the arterial system in relation to the hydrostatic indifference point as 

being a mechanism of orthostatic intolerance following exposure to microgravity (Purdy et al., 

2003; Zhang, 2001).  

1.2.1.7 Insight from studies with potential countermeasures 

In addition to the various physiological measurements made during and/or following 

exposure to microgravity, much has been learnt from the investigation of countermeasures 

prompted by these findings.  The countermeasures investigated to date may be broadly divided 

into either pharmacological or non-pharmacological. 

The use of currently available drugs to prevent orthostatic intolerance following 

spaceflight has resulted in limited success.  Based on the initial observations of hypovolaemia 

following spaceflight and HDBR, expansion of plasma volume appeared an obvious and 

attractive countermeasure.  Early studies involving acute oral saline loading immediately prior 
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to returning to earth showed modest effectiveness in preventing orthostatic intolerance 

following short (< 7 day) duration spaceflight (Bungo et al., 1985).  However, no benefit from 

this approach has been demonstrated for longer (> 7  day) missions, with no difference in 

upright stroke volume observed between control and saline-loaded crewmembers (Buckey et al., 

1996; Vernikos & Convertino, 1994). 

The ineffectiveness of saline loading alone prompted the investigation of a more 

aggressive approach to plasma volume expansion.  The mineralocorticoid fludrocortisone has 

been successfully used clinically to treat patients with orthostatic hypotension associated with 

hypovolaemia (Robertson & Davis, 1995), and therefore was investigated to determine its 

usefulness as countermeasure against microgravity-induced orthostatic intolerance.  Two studies 

using the HDBR model demonstrated success with fludrocortisone in maintaining plasma 

volume and protecting against orthostatic intolerance, compared with control subjects receiving 

saline alone (Vernikos & Convertino, 1994; Vernikos et al., 1991).  Unfortunately, the 

effectiveness of fludrocortisone observed in HDBR studies was not reproduced when tested on 

astronauts returning to earth; despite restoration of plasma volume, no protection against 

orthostatic intolerance was demonstrated in subjects that received fludrocortisone compared 

with placebo-treated controls (Shi et al., 2004).  The findings from this study resulted in 

fludrocortisone being discontinued as a countermeasure for orthostatic intolerance following 

spaceflight, and provided researchers with further evidence that hypovolaemia alone may not be 

the predominant mechanism underlying the phenomenon. 

As mentioned above, the hypothesis that β-adrenoceptor-mediated vasodilatation in 

response to circulating catecholamines was increased following microgravity led to the non-

selective β-adrenoceptor antagonist propranolol being investigated as a countermeasure 

following HDBR (Sandler et al., 1985).  While some peripheral vasoconstriction was observed, 



 
23 

any potential benefits were outweighed by negative chronotropic and inotropic effects that 

actually reduced orthostatic tolerance.  Instead of inhibiting β-adrenoceptor-mediated 

vasodilatation, increasing venous tone, venous return and peripheral vasoconstriction through 

the stimulation of smooth muscle α-adrenoceptors have been investigated with greater success. 

The selective α1-adrenoceptor agonist midodrine has shown some promise as a 

pharmacological countermeasure, showing protection against orthostatic intolerance when 

administered at the end of a 16 day HDBR period (Ramsdell et al., 2001).   These early findings 

have unfortunately been negated by the occurrence of an unwanted pharmacological interaction 

of midodrine with the antihistamine promethazine (commonly prescribed to astronauts for the 

treatment of space motion sickness), resulting in akathisia and associated aggressive behaviour 

(Platts et al., 2006).  For this reason, NASA has banned the use of midodrine in combination 

with promethazine. 

Non-pharmacological countermeasures have been investigated with slightly more 

success than the pharmacological approach, and include various exercise regimes, exposure to 

lower body negative pressure (LBNP) and exposure to artificial gravity (Convertino, 2002; 

Purdy et al., 2003).  The latter may be achieved through the use of a short-arm human 

centrifuge, and ground-based studies have demonstrated some protection against orthostatic 

intolerance following HDBR, associated with increases in central blood volume, cardiac output, 

vasoconstrictor reserve and responsiveness to α-adrenoceptor stimulation (Clement & Pavy-Le 

Traon, 2004; Convertino, 1998; Zhang et al., 2003).  Unfortunately the use of artificial gravity 

as a countermeasure is problematic, as repeated exposure over the duration of the mission is 

required, taking up substantial amounts of crewmembers’ productive time.  In addition, the size 

and weight of even the smaller human centrifuges are prohibitively expensive; the estimated 

cost of taking 1 kg of material into space is approximately US$30,000 (Clement & Pavy-Le 
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Traon, 2004; Frey, 1996). 

An alternative way of exposing subjects to orthostatic stress in an attempt to counter the 

cephalad fluid shift in response to microgravity is through the use of LBNP.  This method has 

demonstrated some benefit in HDBR studies with short daily periods of LBNP exposure 

affording some protection against orthostatic intolerance (Sun et al., 2002).  The beneficial 

effects were not associated with restoration of plasma volume, and unfortunately LBNP was not 

found to be effective in preventing orthostatic intolerance in a separate HDBR study or 

following spaceflight (Pavy-Le Traon et al., 1995; Sawin et al., 1998).  While LBNP alone may 

lack effectiveness in the prevention of orthostatic intolerance following exposure to actual or 

simulated microgravity, its combination with exercise has shown potential as a useful 

countermeasure (Convertino, 2002; Purdy et al., 2003).  When evaluated alone, bouts of acute 

maximal exercise were found to restore blood volume and baroreflex function following HDBR 

and spaceflight, but only afforded marginal improvements in orthostatic tolerance (di Prampero 

& Antonutto, 1997; Engelke et al., 1995; Greenleaf et al., 1989).  A series of studies have 

evaluated different combinations of LBNP and acute maximal exercise (Hargens et al., 1991; 

Murthy et al., 1994; Watenpaugh et al., 2000; Watenpaugh et al., 1994), with the overall 

findings resulting in the proposal of brief (40 min/day) periods of intense exercise while under 

LBNP followed by 5 min of LBNP alone as the most effective combination in improving 

orthostatic tolerance following HDBR (Watenpaugh et al., 2007). 

While the most recent studies of non-pharmacological countermeasures appear to offer 

more time-efficient solutions to the problem of post-flight orthostatic intolerance, the time, 

personnel and spatial resources such approaches demand are less than ideal.  From the insights 

gained from both pharmacological and non-pharmacological countermeasures investigated to 

date, further understanding of the mechanisms underlying cardiovascular deconditioning in 
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response to microgravity are required if wholly-successful countermeasure are to be developed. 

1.2.2 Observations from animal models of simulated microgravity 

1.2.2.1 Development of the head down tilt (HDT) rodent model 

The development of the HDBR model as an earth-based simulation of microgravity has 

allowed significant insight into potential mechanisms underlying cardiovascular deconditioning, 

in addition to adaptation of other physiological systems, such as muscle atrophy and bone 

demineralisation in the musculoskeletal system (Pavy-Le Traon et al., 2007).  As with all 

research into human conditions or diseases, ethical considerations limit the number and types of 

experiments that may be conducted on human subjects.  For this reason, appropriate animal 

models are essential for advancing our understanding of how the cardiovascular system adapts, 

particularly with regards to assessing changes in structure/function of different vascular beds 

(Zhang et al., 2001).  Furthermore, knowledge from animal models allows the planning and 

design of more productive and efficient human studies (Tkacs & Thompson, 2006). 

Several species have been used for this purpose, including mice (Powers & Bernstein, 

2004) and non-human primates (Koenig et al., 1998), however for cardiovascular studies the 

head down tilt (HDT) rat model has become the most widely used and accepted animal model, 

despite the obvious limitations of using a quadruped to simulate a condition experienced by a 

bipedal species such as humans (Morey-Holton & Globus, 2002).  Such limitations primarily 

relate to the absence of a substantial hydrostatic pressure gradient along the cephalocaudal axis 

in quadrupeds compared with an erect species such as man.  The various neural mechanisms 

involved in the normal human physiological response to standing, including sympathetic 

stimulation of the arterial and venous vasculature (to increase TPR and cardiac filling pressure, 

respectively) and increased sympathetic stimulation of the sinoatrial node (to increase heart rate 
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and therefore cardiac output) play less of a role in the normal physiology of quadrupeds, utilised 

only during brief periods of rearing onto hindlegs (Morey et al., 1979; Rowell, 1993).  

Initially developed by Morey and co-workers at the NASA Ames Research Centre 

(California, USA) in an attempt to reproduce musculoskeletal adaptation to microgravity, the 

HDT model was originally referred to as the hind limb unweighting (HLU) model, reflecting the 

significance of unloading the hind limbs to simulate microgravity conditions (Morey et al., 

1979).  For this reason, the majority of the literature uses the HLU terminology when citing this 

model, even when the musculoskeletal system may not be the focus of research.  More recently 

researchers using this model for investigating cardiovascular deconditioning following 

microgravity have favoured the HDT designation, indicating the importance of a cephalad fluid 

shift - as in the HDBR human analogue – in the aetiology of such adaptations.  

Aside from the practical advantages over smaller animals (mice) or larger animals 

(rabbits, monkeys), the cardiovascular adaptation exhibited by HDT rats mimics to a large 

extent that observed in human microgravity or HDBR studies, including cephalad fluid shifts, 

transient increase in central venous pressure, vasoconstrictor hyporesponsiveness, hypotension 

in response to orthostatic challenge and an impaired increase in TPR in response to orthostatic 

challenge (Hargens et al., 1984; Martel et al., 1996; McDonald et al., 1992; Morey et al., 1979; 

Morey-Holton & Globus, 2002; Overton & Tipton, 1990; Wilkerson et al., 2005; Woodman et 

al., 1995).  Table 1-1 compares some of the main adaptations observed following actual or 

simulated microgravity between spaceflight and ground-based models. 
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1.2.2.2 Adaptation of the venous system 

Together with hypovolaemia, increased peripheral venous compliance has been 

suggested as a contributing factor to attenuated cardiac filling pressure and subsequent decreases 

in stroke volume and cardiac output following exposure to actual or simulated microgravity 

(Buckey et al., 1988; Convertino et al., 1988; Dunbar et al., 2001).  As with human studies into 

the effect of microgravity on venous function, few studies using animal models have 

investigated such adaptation to date.  Using the pressure-diameter relationships in isolated small 

Table 1-1 - Comparison of major physiological adaptations to actual and simulated 

microgravity 

 spaceflight HDBR HDT 

Bone density    
Muscle mass    

Neurovestibular disturbances  x ? 
Blood volume    

Cardiac output    

Baroreflex function    

Ability to raise TPR    

Differential arterial adaptation ? ?  
Orthostatic tolerance*    

* - Defined as resistance to the development of presyncopal symptoms upon exposure to orthostatic stress 

in human studies, or the incidence/severity of hypotension/tachycardia/decreased cerebral perfusion in 

animal studies;  - decrease;  - adaptation observed; x – adaptation not observed; ? – unknown if 

adaptation occurs; HDBR – head down bed rest; HDT – head down tilt; TPR – total peripheral resistance. 

(data compiled from Convertino, 2002; Morey-Holton et al., 2002; Nicogossian, 1994; Pavy-Le Traon et 

al., 2007; Zhang, 2001). 
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mesenteric veins as an index of vascular capacitance, Dunbar and colleague suggested that 

unstressed vascular volume (approximately two-thirds of the total blood volume that fills the 

circulatory system to maximum capacity without increasing transmural pressure)(Rothe, 1983) 

increases following exposure to simulated microgravity, and subsequently may not be 

adequately decreased upon sympathetic stimulation to maintain cardiac output during orthostatic 

challenge (Dunbar et al., 2000).  Furthermore, the sensitivity of isolated strips of vena cava to 

noradrenaline has also been found to be decreased following HDT (Sayet et al., 1995).  Vascular 

capacitance function has also been measured in vivo in an elegant study utilising a constant 

flow, constant right atrial pressure cardiopulmonary bypass technique (Dunbar et al., 2001).  

Total systemic vascular compliance and venous compliance were found to be increased in rats 

following simulated microgravity, and were proposed as being potential mechanisms for the 

aforementioned decreased in cardiac filling pressure following exposure to microgravity. 

The effects of microgravity on the venous system are incompletely understood.  While 

alterations in venous function have been observed in animal models, current findings from 

human studies suggest that adaptations in venous function may exacerbate the observed 

decreases in orthostatic tolerance observed after spaceflight, but may not play a predominant 

role in its aetiology (Convertino, 2002; Watenpaugh & Hargens, 1996; Zhang, 2001). 

1.2.2.3 Structural adaptation of conduit and resistance arteries 

The most consistent finding regarding structural changes following simulated 

microgravity is increased cross-sectional area (CSA) of the tunica media (Chew & Segal, 1997; 

Mao et al., 1999; Wilkerson et al., 1999).  The extent of these changes in relation to anatomical 

location appears somewhat complex however; after 10-14 weeks of HDT increased medial CSA 

was observed in carotid, axillary, iliac and femoral arteries (Chew & Segal, 1997).  During 

shorter periods (4 weeks) of HDT, an apparent opposing structural adaptation between cephalic 
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and caudal arteries has been observed, with decreases in medial CSA measured in the femoral 

and anterior tibial arteries and increases in common carotid and basilar arteries (Mao et al., 

1999).  In contrast, from investigating the effects of two weeks of simulated microgravity on 

passive and active mechanics of isolated rat aortas, Papadopoulos et al. demonstrated that 

contractile deficits in arteries from HDT rats were not associated with any changes in medial 

CSA, or differences in either passive or active Cauchy stress-stretch responses (Papadopoulos & 

Delp, 2003).   

Regional differences have also been observed following 2 weeks of HDT, which resulted 

in an increase in basilar artery medial CSA but no changes in this variable in either the 

mesenteric and splenic arteries (Wilkerson et al., 1999).  The mechanical properties of isolated 

carotid and femoral arteries following 20 days of HDT have also been investigated (Hwang et 

al., 2007).  In this study, decreases in expression of myosin light chain-20 in both arteries were 

not associated with any changes in active length-force relationships.  However in femoral (but 

not carotid) arteries, decreases in myosin heavy chain protein expression levels were associated 

in decreased contractile response to KCl.  In carotid arteries, decreases in vessel wall 

compliance were determined from a steeper length-passive force curve in HDT rats compared 

with control.  

A feasible explanation for the regional differences in arterial morphological changes 

may be related to the reversal in transmural pressure exerted under microgravity conditions 

(described above).  Cephalic arteries experience increased transmural pressure, stimulating 

smooth muscle cell hyperplasia/hypertrophy while caudal arteries are subject to lower than 

normal transmural pressure (thus removing any basal proliferative stimuli) leading to 

differential adaptation (Watenpaugh & Hargens, 1996; Zhang, 2001).  In addition to changes in 

transmural pressure, changes in shear stress as a result of changes in blood flow have also been 
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proposed as a stimulus for structural adaptation of arteries to microgravity (Delp et al., 2000).  

The lack of structural adaptation observed in the mesenteric/splenic arteries may reflect a 

smaller distance from the hydrostatic indifference point compared to arteries that exhibit marked 

changes (Zhang, 2001).  The concept of differential adaptation may also be observed in 

measurements of blood flow to different regions of the skeletal system (Colleran et al., 2000).  

In this study it was demonstrated that following 28 days of HDT in rats, tibial and femoral bone 

blood flow was decreased, while flow to the mandible, clavicle and humerus was increased.   

Alterations in arterial function as a result of vascular remodelling have also been 

investigated in rat skeletal muscle arterioles following 2 weeks of HDT (Delp, 1999; Delp et al., 

2000).  The nature of the structural adaptation of hind limb skeletal muscle arterioles was found 

to vary between muscles composed primarily of type I (slow twitch) and type IIb (very fast 

twitch) muscle fibres (Delp et al., 2000).  Decreases in medial CSA were observed in both the 

soleus (slow twitch) and the superficial white portion of the gastrocnemius (very fast twitch) 

muscles, however the decrease was associated with a reduction in vessel diameter in the soleus 

compared with a reduced medial thickness in the gastrocnemius.  Furthermore, endothelial-

dependent vasodilatation was impaired in arterioles from soleus, but not gastrocnemius muscles 

leading to the author’s suggestion that perhaps reduced blood flow and wall shear stress are 

stimuli for the observed adaptation in slow twitch muscle arterioles whereas gastrocnemius 

arterioles structurally adapt in response to reductions in transmural pressure.  In a separate study 

(Delp, 1999), diminished myogenic autoregulatory and contractile responsiveness to 

KCl/phenylephrine was observed in skeletal muscle arterioles from gastrocnemius muscle, but 

not soleus, following 2 weeks of HDT.  These findings provide evidence for a potential 

mechanism by which adaptation of skeletal muscles arterioles may contribute to a compromised 
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ability to elevate total peripheral vascular resistance following exposure to simulated 

microgravity. 

1.2.2.4 Functional adaptation: arterial vasoconstrictor tone. 

The regional differences in vascular structural adaptation to microgravity also extend to 

functional alterations.  Isolated abdominal aortic rings from 2 week HDT rats exhibited 

decreased maximal isometric contraction to both agonist- and KCl-induced contractions (Delp et 

al., 1993).  A more comprehensive study revealed vasoconstrictor responses in several 

hindquarter arteries were decreased following 2 and 4 week HDT, but basilar artery constrictor 

responses to the same stimuli were significantly enhanced, suggesting that differential 

functional adaptation occurs following HDT, as observed in human HDBR studies (Tobal et al., 

2001; Zhang, 2000; Zhang et al., 2001). 

Potential mechanisms for the observed changes in vasoconstrictor tone are unclear, and 

may not only reflect structural changes in the muscular composition of the tunica media of 

arteries; there is increasing evidence to suggest that the relative contribution of various 

vasoconstrictor mediators is altered following microgravity (Zhang, 2001).  Sangha and 

colleagues observed increased noradrenaline-induced contraction of isolated carotid artery rings 

from HDT rats, and demonstrated that this may, in part, be mediated by upregulation of 

thromboxane A2 (Sangha et al., 2001).  Enhanced contractile responses to 5-hydroxytrytamine 

have also been observed in isolated basilar arterial rings following HDT (Zhang et al., 2001). 

Corresponding in vivo studies corroborating these observations are not in abundance.  As 

with most physiological/pharmacological research, in vitro isolated tissue experiments (whilst 

affording the researcher far greater control over the nature/composition of the external 

environment of the tissue, such as changes to Ca2+ concentration or extracellular drug addition) 

lack many of the neuro-humoural factors that may greatly affect aspects such as basal smooth 
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muscle tone produced by the sympathetic nervous system or circulating vasoconstrictor 

hormones (e.g. angiotensin II, vasopressin).  Therefore, the findings from in vitro studies need 

ideally to be interpreted together with corresponding in vivo experiments.  Unfortunately in the 

area of cardiovascular adaptation to simulated microgravity, such in vivo studies are relatively 

sparse. 

A marked attenuation in the pressor response to noradrenaline has been demonstrated in 

anaesthetised rats following 20 days HDT (Sangha et al., 2000).  A reduced pressor response to 

sympathomimetics drugs was also observed in HDT rats by Overton and Tipton, who went on to 

report that this was associated with attenuated increases in resistance of the mesenteric vascular 

bed (Overton & Tipton, 1990).  These findings are in agreement with later studies, including 

observations from space-flown rats (Hatton et al., 2002).  Impairment in the ability of the 

sympathetic nervous system to appropriately distribute cardiac output following 15 days of 

HDT was also attributed to decreased vascular responses to catecholamines (McDonald et al., 

1992).  Interestingly, studies investigating regional flow have observed a new steady state of 

60% of baseline values of hind limb blood flow after just 5 days of HDT (Roer & Dillaman, 

1994; Woodman et al., 2001).   

Increases in cerebral vascular resistance have been demonstrated following periods of 

HDT ranging from 10 mins to 28 days (Wilkerson et al., 2002).  In this study Wilkerson and 

colleagues observed a reduction in cerebral blood flow by 48, 24, and 27% following 10 min 

and 7 and 28 days of HDT, respectively, associated with increases in total cerebral vascular 

resistance of 116, 44, and 38% following 10 min and 7 and 28 days of HDT, respectively, 

relative to that during control standing.   In a separate study utilising radiolabeled microspheres, 

21 out of 38 brain regions exhibited decreased basal blood flow following 2 weeks of HDT 

(Wilkerson et al., 2005), perhaps reflecting increases in myogenic tone (Geary et al., 1998).  
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Interestingly, increases in myogenic tone were observed in pressurised mesenteric arteries 

isolated from rats exposed to 28 days of HDT, while vasoconstrictor responses to 

catecholamines, serotonin and KCl were unchanged (Looft-Wilson & Gisolfi, 2000). 

Vasoconstrictor responses to sympathetic nerve stimulation have also been investigated 

following simulated microgravity (De Salvatore et al., 2004).  In this study, perivascular nerve 

stimulation induced frequency-dependent increases in perfusion pressure of isolated perfused 

mesenteric vascular beds were blunted in preparations from 2 week HDT rats compared to 

control.  Conversely, vasoconstrictor responses to noradrenaline added to the perfusate were 

potentiated.  Vasodilator responses of noradrenaline-preconstricted mesenteric vascular beds to 

either perivascular nerve stimulation or isoprenaline were unchanged following simulated 

microgravity. 

1.2.2.5 Functional adaptation: arterial vasodilator tone 

Increased vasodilator tone, as opposed to attenuated vasoconstrictor tone has been 

proposed as a possible mechanism for the impaired pressor response and post-suspension 

hypotension observed in this model (Convertino, 2002; Zhang, 2001).  Several studies have 

demonstrated changes in the vasodilator response to acetylcholine: decreases in acetylcholine-

induced vasodilatation in isolated abdominal aortic rings and rat soleus feed arteries following 

HDT have been reported, suggested as being associated with changes in acetylcholine-mediated 

nitric oxide and prostacyclin (PGI2) release (Delp et al., 1995; Jasperse et al., 1999; Schrage et 

al., 2000).  Furthermore, Eatman and colleagues suggested that the increased PGI2 and nitric 

oxide production measured following 7 days of suspension may contribute to the decrease in 

MAP following resumption of normal horizontal posture observed in these animals (Eatman et 

al., 2003a).  This theory is supported somewhat by the observation that production of both nitric 

oxide and PGI2 has been found to be increased in cultured human endothelial cells following 
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exposure to microgravity (Carlsson et al., 2002).  In contrast, inhibition of cyclo-oxygenase had 

no effect on endothelium-dependent vasodilatation in isolated middle cerebral arteries from 

HDT or control rats, suggesting that at least in this artery, PGI2 plays a negligible role in the 

regulation of vascular tone (Prisby et al., 2006). 

 As previously described, increased β2-adrenoceptor-mediated vasodilatation has been 

observed in a ground-based simulation of microgravity (Convertino et al., 1997), leading to the 

investigation of propranolol as a potential countermeasure (Sandler et al., 1985).  Somewhat 

surprisingly, very few studies into altered β-adrenoceptor function from animal models of 

simulated microgravity have been reported, perhaps reflecting the current convention of journals 

not readily publishing ‘negative’ results (i.e. studies that do not find a significant difference 

between experimental and control groups/conditions).  The few studies that have investigated 

the effects of simulated microgravity on vascular β-adrenoceptor function have not revealed 

many substantial changes.  Vasodilator responses to isoproterenol in first order arterioles 

isolated from rat soleus and gastrocnemius muscles were demonstrated to be unchanged 

following two weeks of simulated microgravity, while the vasodilation to adenosine was found 

to be decreased (McCurdy et al., 2000).  Furthermore, Fadiukova et al. found no significant 

difference in the vasodilator response to isoproterenol in either basilar or middle cerebral 

arteries following 14 day HDT (Fadiukova et al., 2005).  These findings were partially 

supported by a study by Ma et al. that demonstrated no change in the response to isoproterenol 

in isolated carotid, abdominal aortic and mesenteric arterial rings following 8 weeks of HDT, 

but did observe a decrease in the vasodilator response in femoral artery rings (Ma et al., 1998b). 

1.2.3 Potential role for changes in the L-arginine/nitric oxide pathway 

As discussed above, an increasing body of evidence suggests the cephalad fluid shift 

induced by actual or simulated microgravity induces functional changes in both vasoconstrictor 
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and vasodilator mechanisms that regulate vascular tone.  From initial observations regarding the 

changes in the vasodilator responses to acetylcholine following HDT, the altered contribution of 

endothelium-derived vasodilator mediators, including nitric oxide, PGI2 and endothelium-

derived hyperpolarising factor (EDHF) has been proposed as a possible mechanism underlying 

differential adaptation (and ultimately cardiovascular deconditioning) to microgravity (Prisby et 

al., 2006; Wilkerson et al., 2005; Zhang, 2001).  Of the three mediators nitric oxide has received 

the majority of attention from researchers, and has been demonstrated as being differentially 

altered between different vascular beds following HDT (Purdy et al., 2003; Zhang, 2001). 

1.2.3.1 Role of L-arginine/nitric oxide pathway in control of vascular tone 

The essential role played by nitric oxide in the regulation of vascular tone has been 

demonstrated on many levels since its discovery as an endothelium-derived relaxing factor in 

the 1980s (Ignarro et al., 1987; Moncada & Higgs, 2006; Palmer et al., 1987).  Furthermore, 

alterations in the L-arginine/nitric oxide pathway have been implicated in several vascular 

disease states, including atherosclerosis, hypertension, pre-eclampsia, heart failure, and the 

cardiovascular complications associated with diabetes (Maxwell, 2002).  Such alterations may 

occur at several points in the pathway leading from the biosynthesis of nitric oxide to the main 

molecular effector mechanism, activation of soluble guanylate cyclase.  Therefore, in the 

context of adaptation of the L-arginine/nitric oxide pathway following exposure to microgravity, 

it is useful to briefly review the current understanding of this pathway (and its contribution to 

the tone of different vascular beds), and how it may be modulated physiologically and 

pharmacologically. 

Biosynthesis of nitric oxide 

Nitric oxide is synthesized from the amino acid L-arginine (together with cosubstrates 
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molecular oxygen and nicotinamide adenine dinucleotidephospate) by the nitric oxide synthase 

(NOS) family of enzymes in a two step process via the formation of N-hydroxyl L-arginine 

(Michel & Lamas, 1992; Nathan & Xie, 1994; Sessa, 1994).  Three isoforms of NOS have been 

identified to date: neuronal (nNOS), inducible (iNOS) and endothelial (eNOS); the alternative 

nomenclature NOS-1, -2 and -3, respectively, is also sometimes used.  nNOS was originally 

identified in the brain (Bredt & Snyder, 1990; Mayer, 2000), but has been subsequently found to 

be also constitutively expressed in a variety of cells, including cells of the spinal cord, adrenal 

glands, peripheral nitrergic nerves, several types of epithelial cells and kidney macular densa 

cells (Tracey et al., 1994).  iNOS is so named because it was originally identified in 

macrophages exposed to various cytokines or microbial products (Hevel et al., 1991; Stuehr et 

al., 1991), and expression is predominantly limited to cells of the immune system and lung 

epithelial cells following stimulation with cytokines (Asano et al., 1994; Tracey et al., 1994).  

Low levels of constitutive iNOS expression has been observed in endothelial cells and cardiac 

and vascular myocytes, although their functional role in these cells remains unclear (Mayer & 

Andrew, 1998).  eNOS was first identified in vascular endothelial cells from bovine aorta 

(Förstermann et al., 1991; Pollock et al., 1991), but has since been located in kidney tubular 

epithelial cells, interstitial cells in the colon and in various brain regions (Dinerman et al., 1994; 

Tracey et al., 1994; Xue et al., 1994). 

All three NOS isoforms consist of homodimers, sharing a similar structure with a C-

terminal reductase domain, N-terminal oxygenase domain and calmodulin-binding domain 

(Sessa, 1994).  Other discrete binding sites exist for essential co-factors for enzymatic activity: 

flavin mononucleotide, flavin adenine dinucleotide and tetrahydrobiopterin (Stuehr, 1997).  The 

amount of nitric oxide produced by NOS in tissue is dependent on substrate/co-factor 

availability and the expression level and enzymatic activity of NOS, with both parameters 
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regulated differentially between isoforms and between different tissues.  Both eNOS and nNOS 

are constitutively expressed under normal conditions and are highly dependent on increases in 

intracellular Ca2+ (such as following agonist stimulation or membrane depolarisation) and 

subsequent binding to calmodulin for activity.  In contrast, as previously described, expression 

of iNOS is negligible under normal conditions until induced by cytokines or exposure to various 

components of microorganisms such as lipopolysaccharide (Förstermann & Mayer, 2000).  

Furthermore, the binding affinity of iNOS for calmodulin in relatively low intracellular calcium 

concentrations is sufficiently high that its activity may be considered largely Ca2+-independent 

and therefore insensitive to changes in intracellular Ca2+ (Stuehr, 1997; Stuehr et al., 1991). 

The activity of NOS isoforms can be regulated at several levels and varies between 

isoforms.  Perhaps surprisingly, regulation of expression levels appears to be the only 

mechanism for regulation of iNOS activity.  Furthermore, compared with nNOS and eNOS, the 

Vmax for nitric oxide production by iNOS is 10 to 100-fold greater (Förstermann & Mayer, 

2000).  In addition to the acute regulation brought about by changes in intracellular Ca2+ 

concentrations, nNOS activity may be modulated by the extent of subcellular localization into 

vesicles, associated with protein-protein interactions with membrane-bound proteins such as 

postsynaptic density protein PSD-95 (Brenman et al., 1996; Schepens et al., 1997).  Similarly, 

while changes in intracellular Ca2+
 concentrations represent the predominant mechanism for 

acute modulation of eNOS activity, subcellular targeting of the enzyme to discrete locations 

(caveolae) on the plasmalemmal and Golgi membranes has been identified as playing a key role 

in determining its activity (Garcia-Cardena et al., 1996; Shaul et al., 1996).  Such post-

translational targeting is thought to be primarily mediated by myristoylation and palmitoylation 

at specific amino acid residues (Busconi & Michel, 1993; Liu et al., 1995).  Once located to 

caveolae, protein-protein interactions with caveolin-1 and -3 may also regulate eNOS activity 
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(Bucci et al., 2000; Garcia-Cardena et al., 1996). 

Cellular mechanism of action of nitric oxide 

Stimulation of soluble guanylate cyclase (sGC) as the main mechanism of action of 

nitric oxide was in fact demonstrated before its identity as endothelium-derived relaxing factor 

(EDRF) (Katsuki et al., 1977).  In the 30 years since this discovery much has been learnt 

regarding the complexity of the various cellular mechanisms through which nitric oxide may 

exerts its physiological effects - the predominant cellular mechanisms thought to mediate its 

vascular effects are summarised in Figure 1-3 (Denninger & Marletta, 1999).  Stimulation of 

sGC results in an increase in cyclic guanosine monophosphate (cGMP), which can act directly 

on voltage-gated Ca2+ channels to decrease Ca2+ influx therefore reducing cytosolic Ca2+ 

concentration leading to vascular relaxation (Blatter & Wier, 1994). 

Inhibition of Ca2+ influx can also be achieved through the direct action of nitric oxide on 

Ca2+-dependent K+ channels, subsequent membrane hyperpolarisation and closure of voltage-

gated Ca2+ channels (Bolotina et al., 1994; Robertson et al., 1993).  In vascular smooth muscle, 

potassium channels are recognised as playing a predominant role in maintenance of resting 

membrane potential.  This is highlighted by the close association between the overall resting 

membrane potential (-40 to -55mV) and the equilibrium potential of potassium (EK) in vascular 

smooth muscles (approximately -84 mV). In addition, arterial smooth muscles have relatively 

low K+ channel density together with low levels of activity, which results in a high resting input 

resistance (5-15 GΩ).  This means that the opening or closure of very few K+ channels can have 

a profound effect on membrane potential (Standen & Quayle, 1998).  To date, four main types 

of K+ channels have been to shown to be expressed in arterial smooth muscle (calcium sensitive, 

KCa; ATP-sensitive, KATP; voltage-sensitive, KV and inward rectifying, KIR) with their relative 

contribution to the resting membrane potential varying considerably between different tissues 
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(Nelson & Quayle, 1995). 

K+ channels that are activated by intracellular Ca2+ (KCa channels) have been identified 

in most smooth muscle cells. In addition to their calcium sensitivity, some KCa channels may 

Figure 1-3 - Schematic illustration of the major intracellular mechanisms of action of the vascular 

effects of nitric oxide 

The effects of nitric oxide (NO) in vascular smooth muscle cells are mediated predominantly by 

stimulation of soluble guanylate cyclase (sGC), although some direct actions have been shown.  Dotted 

arrows indicate inhibitory effects.  KCa, calcium-dependent potassium channels; VGCC, voltage-gated 

calcium channels; Gq, G-protein mediated receptor associated with phospholipase C (PLC); IP3, inositol 

1,4,5-trisphosphate; IP3R, inositol 1,4,5-trisphosphate receptor; SERCA, sarcoplasmic-endoplasmic 

reticulum calcium ATPase; PL, phospholamban; SR, sarcoplasmic reticulum; GTP, guanosine 

triphosphate; cGMP, cyclic guanosine monophosphate; PKG, protein kinase G; 5’AMP, 5’-adenosine 

monophosphate; cAMP, cyclic adenosine monophosphate; PKA, protein kinase K; PDE III, 

phosphodiesterase III (adapted with kind permission from Busse & Fleming, 2000). 
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also exhibit a degree of voltage-sensitivity, with their activity increasing with membrane 

depolarisation (Benham et al., 1986). By causing K+ efflux in response to increased [Ca2+]i, KCa 

channels act to hyperpolarise the cell membrane, thus attenuating the force of contraction.  At 

least three types of KCa channels have been identified based on both single-channel conductance 

and pharmacological properties.  High-conductance (100-300 pS) channels (also known as BKCa 

channels) are traditionally blocked by the scorpion venom peptides charybdotoxin (ChTX) and 

iberiotoxin (IbTX), but have also been found to be sensitive to low concentrations (<1 mM) of 

tetraethylammonium (TEA) and the mycotoxin paxilline (Brayden & Nelson, 1992; 

Giangiacomo et al., 1992; Li & Cheung, 1999).  ChTX may also selectively block intermediate-

conductance (25-100pS) channels (IKCa), and small-conductance (10-20pS) channels (SKCa) are 

selectively blocked by the bee venom toxin apamin (Blatz & Magleby, 1986).  In contrast to 

BKCa channels, IKCa and SKCa channels do not exhibit voltage sensitivity.  In most vascular 

smooth muscle, BKCa channels are the main channels responsible for the Ca2+-sensitive current 

(Nelson & Quayle, 1995); a possible physiological role proposed as providing negative 

feedback to limit vasoconstriction. 

Voltage-dependent potassium (KV) channels are activated by depolarisation of the 

membrane, with a threshold potential for considerable opening ranging from –40 to –30mV 

(Nelson & Quayle, 1995).  Some form of voltage-dependent K+ current (IKv) has been identified 

in all vascular smooth muscle, and KV channels are recognised as playing an important role in 

the regulation of resting membrane potential and therefore vascular tone.  This stems from many 

observations where selective blockade of KV channels with 4-aminopyridine (4-AP) results in 

depolarisation and contraction of many types of vascular smooth muscle (for example: Hara et 

al., 1980; Knot & Nelson, 1995).  In addition, an IKv has recently been identified that is 

relatively insensitive to 4-AP (37% block at 20 mM) but sensitive to TEA (IC50 = 
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2.6mM)(Smirnov et al., 2002).  The physiological role of KV channels is unclear; however they 

may act to limit membrane depolarisation in response to both pressurisation and 

vasoconstrictors, thus preventing over-constriction and vasospasm (Nelson & Quayle, 1995). 

ATP-sensitive potassium (KATP) channels couple changes in intracellular metabolism to 

membrane potential - an increase in intracellular ATP results in channel closure (Quayle et al., 

1997).  Glibenclamide, a selective blocker of KATP channels has been shown to cause 

depolarisation and contraction of several types of vascular smooth muscle, indicating that KATP 

channels play a role in the regulation of membrane potential in vascular smooth muscle cells 

(Beech et al., 1993; Jackson, 1993). 

In contrast to the K+ channels mentioned above, inward rectifier potassium (KIR) 

channels are responsible for inward K+ currents.  KIR channels are dependent on membrane 

potential, but in contrast to KCa and KV channels, are activated by membrane hyperpolarisation 

(Quayle et al., 1993).  In addition, increased extracellular K+ concentration causes a rightward 

shift in the activation potential, and also causes increased conductance.  The physiological role 

of KIR channels in smooth muscle is not entirely unclear, but is thought to include regulation of 

resting membrane potential in certain vascular tissue, such as cerebral and coronary arteries.  In 

addition, the coupling of blood flow to metabolic demand (i.e. through sensitivity of 

extracellular K+) has also been proposed (Nelson & Quayle, 1995). 

Increases in intracellular cGMP also results in the activation of cGMP-dependent protein 

kinase (PKG), which in turn leads to the phosphorylation of proteins in the sarcoplasmic 

reticulum (SR) involved in sequestration of Ca2+ from the cytoplasm to the SR   (such as 

phospholamban).  This process is more relevant to situations where smooth muscle contraction 

is less dependent on Ca2+-influx through voltage-gated Ca2+ channels, such as following 
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agonist-induced activation of the phospholipase C/inositol 1,4,5-triphosphate (IP3) pathway 

(Sausbier et al., 2000; Schlossmann et al., 2000). 

Increases in intracellular cGMP also modulate the signalling pathways of other cyclic 

mononucleotides involved in regulation of vascular tone; phosphodiesterase (PDE) III is 

inhibited by physiologically relevant concentrations of cGMP, therefore reducing the hydrolysis 

of cyclic adenosine monophosphate (cAMP)(Komas et al., 1991).  Elevations in intracellular 

cAMP concentration lead to activation of protein kinase A, which in turn produce relaxation of 

vascular smooth muscle (Sandner et al., 1999).   

A further mechanism by which nitric oxide can control vascular tone is through 

modulation of the production of other endothelium-derived vasoactive mediators.  Increases in 

both cyclo-oxygenase and prostaglandin H synthase activity have been observed (via a cGMP-

independent mechanism) in response to increased nitric oxide levels, resulting in elevated PGI2 

synthesis and release (Davidge et al., 1995; Salvemini et al., 1993; Salvemini et al., 1994).  

Nitric oxide, both directly and through the above stimulation of PGI2 synthesis, also appears to 

play a key role in the negative feedback control of endothelin-1 release (Boulanger & Luscher, 

1990; Saijonmaa et al., 1990). 

Vascular effects of nitric oxide 

It comes as no surprise that the physiological effect that led to its discovery – relaxation 

of vascular smooth muscle – is by far the most readily observable effect of nitric oxide on the 

cardiovascular system (Ignarro et al., 1987; Palmer et al., 1987).  The essential contribution of 

this effect to the regulation of TPR was demonstrated when inhibition of its synthesis resulted in 

increases in mean arterial blood pressure in excess of 20 mmHg (Rees et al., 1989).  In the past 

two decades, a vast amount of basic and clinical research has demonstrated not only a global 
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role for nitric oxide in the control of  systemic vasculature tone and TPR, but in the precise local 

control of tissue perfusion in different vascular beds (Busse et al., 2000). 

  

With the exception of the lungs, most vascular beds exhibit some degree of 

autoregulation i.e. the adjustment of blood flow in response to changes in metabolic demand 

and/or perfusion pressure.  Flow is regulated through increases or decreases in vascular 

resistance, which is turn is determined by the balance of vasoconstrictor and vasodilator tone 

(Rowell, 1993).  For the majority of vascular beds, intrinsic vasoconstrictor tone is generated 

Figure 1-4 - Flow-pressure curve illustrating autoregulation of the cerebral circulation 

Autoregulation by the cerebral vasculature maintains a stable blood flow (approximately 700 ml/min in 

healthy adults) - in spite of changes in mean arterial pressure (MAP) - between the range of ~60 and 

~150 mmHg.  Outside of these limits of autoregulation, cerebral blood flow rises or falls proportionally 

with MAP (adapted with kind permission from (Franco Folino, 2007).  
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primarily through basal myogenic contraction in response to transmural pressure, while 

vasodilator tone arises from either eNOS-derived nitric oxide or, in the case of terminal 

arterioles and capillaries, vasodilator metabolites of cellular energy metabolism (Busse et al., 

2000).  It is clear therefore, that changes in nitric oxide production in response to disease or 

changes in environment can have significant effects on the local regulation of perfusion of a 

particular vascular bed. 

The cerebral circulation is exquisitely sensitive to changes in MAP, and correspondingly 

exhibits a high degree of autoregulation in comparison to most other vascular beds (Franco 

Folino, 2007; Schondorf et al., 2001; Strandgaard & Paulson, 1984).  As shown in Figure 1-4, 

cerebral flow is maintained over the MAP range of approximately 60 to 150 mmHg.  At 

pressures higher than normal (~100 mmHg) myogenic tone increases vascular resistance 

(autoregulatory vasoconstriction), while at lower pressures decreases in vascular resistance 

(autoregulatory vasodilatation) maintain cerebral flow (Preckel et al., 1996; Tanaka, 1996; 

Tanaka et al., 1993). 

1.2.3.2 Evidence for adaptation of L-arginine/nitric oxide following simulated microgravity 

Following the initial observation by Sangha and co-workers (Sangha et al., 2000) that 

increased nitric oxide production may account for hyporesponsiveness to vasoconstrictors in 

isolated arterial rings from 20 day HDT rats, findings from studies attempting to identify the 

physiological significance and mechanism of changes in vascular nitric oxide signalling have 

proved to be fairly inconsistent.  Protein expression studies investigating levels of the three 

known nitric oxide synthase (NOS) isoforms following 20 days of HDT revealed an increase in 

iNOS expression in the aorta relative to with control animals (Vaziri et al., 2000); perhaps 

surprisingly, no changes in nNOS or eNOS were observed.  A more thorough study measuring 

NOS expression in a range of different arteries demonstrated that both iNOS and eNOS 
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expression was increased in the carotid arteries and thoracic aorta, decreased in the mesenteric 

artery and unchanged in the cerebral and femoral arteries (Ma et al., 2003). 

Attempts to correlate these findings with functional changes utilising the iNOS inhibitors 

aminoguanidine or 2-amino-dihydro-6-methyl-4H-1,3-thiazine (AMT) appear to agree with the 

hypothesis extended by this group (and others) that excess nitric oxide produced by iNOS 

contributes to the vascular hyporesponsiveness and hypotension following simulated 

microgravity (Eatman et al., 2003b; Sangha et al., 2000; Vaziri et al., 2000).  Unfortunately, 

both these studies suffer from a poor choice in the inhibitors of iNOS utilised.  Compared to 

other commercially available  iNOS inhibitors  such as  N-(3-(aminomethyl)benzyl)acetamidine 

(1400W), both aminoguanidine and AMT are significantly less selective for iNOS over eNOS, 

particularly when used in vivo (Garvey et al., 1997; Laszlo et al., 1995).  This becomes evident 

by the fact that in both microgravity studies mentioned above, the iNOS inhibitor used produces 

a marked pressor response in control animals.  As iNOS is not thought to play a significant role 

in regulation of vascular tone in normal animals (Busse et al., 2000; Kadowitz & McNamara, 

2000; Moncada & Higgs, 2006), the pressor response is presumably due to non-selective 

actions, i.e. inhibition of eNOS.  The lack of selectivity (less than 30-fold for iNOS over eNOS) 

and potency (doses as high as 400 mg/kg have been reported for aminoguanidine) in vivo 

therefore limits the usefulness of aminoguanidine and AMT (and indeed most other ‘reasonably’ 

selective iNOS inhibitors including the S-alkylated isothiourea class of compounds) for whole 

animal cardiovascular research (Cameron & Cotter, 1996; Garvey et al., 1997; Kihara et al., 

1991; Southan & Szabo, 1996).  

Consistent with the differential structural and functional adaptation in relation to the 

anatomical location of the artery, there is evidence to suggest that changes in NOS expression 

may also vary in this way.  Wilkerson and colleagues observed enhanced basal tone of middle 
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cerebral arteries in 2 week HDT rats which was associated with decreased expression of eNOS 

compared with control animals (Wilkerson et al., 2005).  Furthermore, cerebral vascular 

resistance was also found to be increased during normal posture and during orthostatic 

challenge.  Together with alterations in EDHF-mediated control of cerebral vascular tone, 

Prisby and colleagues demonstrated significant decreases in nitric oxide-mediated endothelial-

dependent vasodilatation in middle cerebral arteries from 14 day HDT rats (Prisby et al., 2006).  

Given the role that nitric oxide plays in cerebral artery autoregulatory vasodilatation (Jones et 

al., 2003; Leffler et al., 2000; Tanaka et al., 1993; White et al., 2000), these findings have 

obvious implications as potential mechanisms for the inadequate cerebral perfusion experienced 

during orthostatic challenge following exposure to microgravity. 

 Given the relatively short timeframe since a potential role for nitric oxide in 

cardiovascular deconditioning was proposed, human studies specifically investigating changes 

in the L-arginine/nitric oxide pathway following either spaceflight or HDBR are extremely 

scarce.  Using a common technique for the assessment of endothelial function, (post ischaemic 

hyperaemia following occlusion), flow-dependent vasodilatation in brachial arteries was found 

to be enhanced following HDBR compared with controls.  Furthermore, the increase in flow-

dependent vasodilatation was associated with a decrease in post-bed-rest duration of orthostatic 

tolerance (Bonnin et al., 2001).  Interestingly, the vasodilator response to the nitric oxide donor 

glyceryl trinitrate was unchanged between control and HDBR groups.  Although changes in 

nitric oxide function were not measured directly in this study, as nitric oxide is thought to be the 

predominant mediator of flow-induced arterial vasodilatation these findings provide evidence 

that simulated microgravity may cause adaptation of the regulation of peripheral vascular tone 

by the L-arginine nitric oxide pathway, but not in the vascular effector mechanism of nitric 

oxide (such as activation of sGC, as discussed above).  A lack of difference in response to the 
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nitric oxide donor sodium nitroprusside (SNP) has also been demonstrated in rats following 

HDT (Ma et al., 1998a).  

1.2.4 Summary of observations from human studies and animal models 

It is clear from the findings discussed above that microgravity (actual or simulated) 

brings about significant changes in cardiovascular function, and that most (if not all) of the 

components of the cardiovascular system are affected to a certain degree.  Furthermore, the 

main consequence of such cardiovascular deconditioning – orthostatic intolerance – is likely to 

be heterogeneous in its aetiology.  Presyncopal symptoms (including light-headedness and 

dizziness) during orthostatic tolerance testing following spaceflight or HDBR have been 

associated with at least three different haemodynamic profiles: presyncope associated with 

sudden hypotension, suggestive of a vasovagal response; presyncope following a slow, steady 

drop in arterial blood pressure; and presyncope in the absence of hypotension (Buckey et al., 

1996; Pavy-Le Traon et al., 2007; Watenpaugh & Hargens, 1996).  In the first two proposed 

haemodynamic profiles, orthostatic intolerance may be considered a direct result of (and even 

synonymous with) orthostatic hypotension – defined clinically as a fall in systolic and diastolic 

blood pressures of greater than 20 mmHg and 10 mmHg, respectively (Medow et al., 2008).  

However, the third profile relates to inadequate cerebral perfusion despite maintained arterial 

pressure – this has been proposed as being a unique mechanism of orthostatic intolerance as a 

result of cardiovascular deconditioning following exposure to microgravity environments 

(Watenpaugh & Hargens, 1996; Zhang, 2001).  These findings may reflect individual variations 

in the adaptation of different components of cardiovascular function to microgravity exposure. 

While orthostatic tolerance testing in animals remains problematic due to the 

fundamental cardiovascular differences between bipeds and quadrupeds, many of the 

cardiovascular adaptations observed in human studies may still be reproduced through use of the 
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HDT animal model.  From such studies, valuable insights into potential mechanisms of 

cardiovascular deconditioning in response to microgravity have been made.  Changes in body 

fluid volume and autonomic cardiovascular control are likely important contributing factors, 

however, for the purpose of this thesis, observations demonstrating several forms of arterial 

adaptation form the premise for the research presented herein.  Primarily from the studies using 

animal models described above, the arterial system has been shown to exhibit at least three 

different types of adaptation in response to simulated microgravity (Purdy et al., 2003): 

• altered vasodilator/vasoconstrictor responsiveness of peripheral arteries associated with 

structural remodelling; 

• altered vasodilator/vasoconstrictor responsiveness of peripheral arteries associated with 

functional changes to the endothelium and/or vascular smooth muscle; 

•  altered vasodilator/vasoconstrictor responsiveness of cerebral arteries associated with 

functional changes to the endothelium and/or vascular smooth muscle. 

The scope of this thesis is limited to a particular aspect of arterial adaptation to 

microgravity; the role of the L-arginine/nitric oxide pathway in the functional adaptation leading 

to altered vasodilator/vasoconstrictor responsiveness in both the systemic and cerebral 

vasculatures. 

1.3 RESEARCH OBJECTIVES & EXPERIMENTAL DESIGN 

1.3.1 Overall hypothesis 

Differential adaptation of the vascular L-arginine/nitric oxide pathway occurs in arteries 

in response to simulated microgravity, such that an increased contribution of endothelium-

derived nitric oxide to vascular tone is observed in the peripheral vasculature (caudal to the 
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hydrostatic indifference point), while a decreased contribution of endothelium-derived nitric 

oxide to vascular tone is observed in the cerebral vasculature (cephalic to the hydrostatic 

indifference point).  

1.3.2 Specific research objectives 

In order to test the above overall hypothesis, specific objectives with discrete hypotheses to test 

were established: 

A. To determine if differential adaptation to simulated microgravity between cephalic 

(cerebral) and peripheral/caudal vascular beds is observed in vivo.  In order to investigate 

differential changes in the control of vascular tone by nitric oxide, it must first be determined if 

the differential functional changes observed from previous in vitro studies - manifested by 

increases in responsiveness to vasoconstrictors by cephalic arteries and decreases in 

responsiveness to vasoconstrictors in peripheral arteries (Delp et al., 1993; Sangha et al., 2001; 

Zhang, 2000; Zhang et al., 2001) - are reflected by the HDT model in vivo.  It was therefore 

hypothesized that the vasoconstrictor response to the selective α1-adrenoceptor agonist 

methoxamine is increased in the cephalic arterial vasculature, but decreased in the 

peripheral/caudal arterial vasculature following exposure to simulated microgravity.  Any 

observed difference observed in methoxamine-induced constriction in vivo were also 

investigated in vitro to determine if they reflect direct changes to α1-adrenoceptor function or 

were due to increased vasodilator tone.  Moreover, to determine if the absence of any change in 

adrenergic vasodilator responsiveness observed previously in vitro (Fadiukova et al., 2005; Ma 

et al., 1998b) was also observed in vivo, the effects of the selective β2-adrenergic agonist 

salbutamol on the vascular tone of the cephalic and peripheral/caudal arterial vasculature 

following 14 day HDT were also investigated. 
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B. To determine if any observed differential adaptation to simulated microgravity between 

cephalic (cerebral) and peripheral/caudal vascular beds in vivo reflects changes in the 

contribution of nitric oxide to vascular tone.  Based on previous in vitro observations any 

differences in the responsiveness to vasoconstrictor stimuli observed between cephalic and 

peripheral/caudal vasculature following HDT may reflect differential changes in the L-

arginine/nitric oxide pathway (Jasperse et al., 1999; Schrage et al., 2000; Vaziri et al., 2000; 

Wilkerson et al., 2005).  It was hypothesized that the vasodilator response to agonist-induced 

stimulation of nitric oxide and/or activation of sGC by acetylcholine and SNP, respectively, 

would be decreased in the cephalic arterial vasculature, but increased in the peripheral/caudal 

arterial vasculature.  Furthermore, the vasoconstrictor response to inhibition of NOS isoforms by 

the non-selective NOS inhibitor Nω-nitro-L-arginine methyl ester (L-NAME) and the highly 

selective iNOS inhibitor 1400W would be decreased in the cephalic arterial vasculature, but 

increased in the peripheral/caudal arterial vasculature. 

C. To determine the level at which any observed changes in the L-arginine/nitric oxide pathway 

in response to simulated microgravity occurs.  Any observed changes in the nitric oxide-

mediated control of vascular tone in the cephalic or peripheral/caudal vasculature may reflect 

changes to the L-arginine/nitric oxide pathway at several levels, including changes in NOS 

protein expression and activity, rate of removal of nitric oxide, and the cellular effector 

mechanism (activation of sGC)(Busse et al., 2000; Moncada & Higgs, 2006; Sangha et al., 

2000).  It was hypothesised that NOS protein expression and/or activity was decreased in the 

cephalic arterial vasculature, but increased in the peripheral/caudal arterial vasculature.  

Furthermore the observed differences in the control peripheral vasculature tone are not through 

changes in the pharmacokinetics (i.e. rate of removal) or pharmacodynamics (i.e. duration of 

vasodilator effect) of nitric oxide.  
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1.3.3 Experimental design 

Validation & in vivo characterisation of a simulated microgravity model.  The HDT rat model is 

the most widely used animal model for investigating cardiovascular adaptation to simulated 

microgravity (Morey et al., 1979).  Despite the obvious limitations of using a quadruped species 

such as rat to simulate a condition experienced primarily by humans, this model is accepted as 

one of the more suitable for use in a research laboratory environment.  Following the 

establishment of a modified version of the 14 day HDT model in our laboratory, demonstration 

of functional adaptation to simulated microgravity was required before proceeding with further 

studies.  In this regard, the application of orthostatic stress to the whole animal was considered 

most appropriate to determine any differences between control and HDT animals.  Several 

attempts to employ a ‘head-up tilt’ procedure (equivalent to the most common clinical test to 

evaluate orthostatic intolerance in humans) were plagued with technical difficulties; an 

alternative method for subjecting the animals to orthostatic stress was therefore employed i.e. 

the use of a lower body negative pressure (LBNP) chamber.  This procedure is also used for the 

assessment of orthostatic tolerance in humans (Convertino, 2001; Tobal et al., 2001), and 

therefore was deemed an appropriate method for such investigation in animal models.  To 

demonstrate functional adaptation of the peripheral arterial vasculature following exposure to 

simulated microgravity, the effects of LBNP on MAP in anaesthetised animals were 

investigated.  Furthermore, to assess whether changes in autoregulation of cerebral blood flow 

may be observed in vivo following HDT, the conductance of the vascular bed distal to the 

common carotid artery (Ccarotid) was measured as an index of intrinsic cerebrovascular tone in 

response to changes in MAP produced by LBNP.  In addition, to determine if any differences in 

MAP responses following HDT are associated with hypovolaemia, total blood volume was also 

measured. 
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A. Assessment of tone in the cephalic, peripheral and caudal vascular beds in response to 

adrenergic receptor stimulation. To determine if the vasoconstrictor response to methoxamine 

was differentially altered between cephalic, peripheral and caudal vascular beds following HDT, 

the dose-response relationship between methoxamine and Ccarotid, MAP and the conductance of 

the vascular bed distal to the common iliac artery (Ciliac; index of intrinsic hind limb vascular 

tone) was measured in control and HDT animals.  Similarly, to determine if the vasodilator 

response to salbutamol is differentially altered between cephalic, peripheral and caudal vascular 

beds following HDT, the dose-response relationships for salbutamol and Ccarotid, MAP and Ciliac 

were measured.  To determine if any changes in the in vivo response to methoxamine reflected 

direct changes to α1-adrenoceptor function or are due to increased vasodilator tone, the 

concentration-response relationship to methoxamine in isolated carotid, superior mesenteric and 

iliac artery rings from control and HDT animals was measured.  Furthermore, α1-adrenoceptor 

reserve was determined as part of the same study to assess whether any observed changes in the 

concentration-response to methoxamine were due to alterations in α1-adrenoceptor 

expression/membrane trafficking. 

B. Assessment of tone in the cephalic, peripheral and caudal vascular beds in response to 

drugs that interact with the L-arginine/nitric oxide pathway.  Using the same experimental 

protocol as A, changes in the intrinsic vascular tone of cephalic, peripheral and caudal vascular 

beds in response to pharmacological manipulation of the L-arginine/nitric oxide pathway were 

assessed by comparing the dose-response relationships between Ccarotid, MAP and Ciliac and 

acetylcholine, SNP, L-NAME and 1400W between control and HDT rats. 

C. Assessment of changes in NOS protein expression, NOS enzyme activity and 

pharmacokinetics/pharmacodynamics of nitric oxide.  The effects of HDT on NOS expression 

were assessed through semi-quantification of eNOS and iNOS protein in carotid, mesenteric and 
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iliac arteries isolated from control and HDT rats through the use of western blotting.  Any 

changes in spatial expression were also assessed from the immunohistochemical staining of 

eNOS and iNOS in carotid, mesenteric and iliac arteries isolated from control and HDT rats.  

Taking advantage of a new technique for the measurement of nitric oxide I recently established 

in the laboratory, differences in NOS activity between carotid and iliac arteries from HDT and 

control animals was assessed by the electrochemical measurement of acetylcholine-stimulated 

nitric oxide production in the presence and absence of L-NAME and 1400W.  The same method 

for electrochemical detection of nitric oxide was modified for the measurement of nitric oxide 

concentrations in circulating blood in response to intravenous infusions of SNP.  The high 

degree of temporal resolution afforded by this technique allowed the pharmacokinetic half-life 

of nitric oxide in the circulation to be measured.  Simultaneous measurement of MAP during the 

same SNP infusion allowed measurement of the pharmacodynamic half-life (from the rate of 

decline of depressor response to SNP). 
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2 MATERIALS & METHODS 

2.1 EXPOSURE TO SIMULATED MICROGRAVITY 

 Male Sprague-Dawley rats (230±15 g) were randomly assigned to either singly-housed 

control or 14 day HDT groups.  HDT was achieved by utilizing a modification of the HLU 

technique developed at the AMES NASA research centre (Morey et al., 1979), involving the 

application of a custom built tail harness consisting of a 40 mm x 80 mm section of Akton® 

viscoelastic polymer padding (7 mm thick; Action Products, USA) surrounded by a 80 mm long 

piece of plastic tubing (19 mm ID; Fisher Scientific, USA).  The tail harness was attached via 

steel wire to a swivel clip mounted on a steel cross bar and the height of the cross bar could be 

adjusted so that the angle of HDT was maintained at 30° HDT as the rat increased in size over 

the course of the 14 days.  Rats were able to roam the cage freely using their front paws and 

were provided with standard laboratory rodent diet and water ad libitum.  All procedures were 

approved by the University of British Columbia Institutional Animal Care and Use Committee 

(APPENDIX 1). 

2.2 IN VIVO ASSESSMENT OF VASCULAR FUNCTION 

2.2.1 Surgical preparation 

Following either 14 days of HDT or control housing, animals were prepared for acute 

cardiovascular measurements.  Anaesthesia was induced via intraperitoneal injection of sodium 

thiobutabarbital (100 mg/kg) and additional 10 mg/kg intraperitoneal injections were performed 

where necessary until a surgical plane of anaesthesia was achieved.  Due to the long acting 

nature of sodium thiobutabarbital, this initial dose was often sufficient to maintain anaesthesia 

for the entire duration of the experiment.  Where necessary, an additional 5 mg/kg dose was 
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administered via the intravenous cannula to maintain an adequate depth of anaesthesia.  For all 

experimental protocols, the following procedures were performed:  

• Tracheotomy followed by cannulation of the trachea, to ensure a consistently patent airway. 

• Cannulation of the left jugular vein with polyethylene tubing (PE-50; Beckton Dickinson, 

USA).  A T-piece connector was placed approximately 3 cm from the site of entry into the 

jugular vein to allow intravenous injection and/or infusion of drugs simultaneously with 

saline infusion. 

• Cannulation of the left common carotid artery with PE50 tubing filled with 25 IU/ml 

heparinized 0.9 % saline, to allow measurement of arterial pressure via a pressure transducer 

(P23DB; Gould Statham, USA) connected to a bridge amplifier (ETH-260; C.B. Sciences 

Inc., USA). 

Core body temperature was monitored and maintained at 37±0.4 °C using a rectal probe 

and heating pad attached to a temperature controller (Model 71; Yellow Spring Instruments, 

USA).  Fluid loss due to evaporation at surgical sites was replaced with an intravenous infusion 

of 0.9 % saline solution at a rate of 5 ml/kg/hour using a Pump 11 Plus type syringe pump 

(Harvard Apparatus, USA).  Additional surgical procedures were performed as described for 

individual experimental protocols.  Following completion of all surgical procedures, a 1 hr 

equilibration period was allowed before commencing an experimental protocol. 

2.2.2 Protocol I – Haemodynamic response to LBNP 

Anaesthetized animals were placed in a custom-built plexiglass chamber modified so 

that measured degrees of negative pressure could be applied (adapted from the technique 

described in reference Bedford & Tipton, 1985).  An airtight seal was made using a latex sheath 
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at the level of ~1 cm caudal to the xyphoid process, so that only the lower body of the animal 

was subjected to negative pressure.  When the animal was appropriately positioned, the right 

common carotid artery was located and cleaned of connective tissue to allow measurement of 

carotid artery flow (Qcarotid) using an ultrasonic transit-time volume flow probe (2-PSB type) 

connected to a T206 small animal flowmeter (Transonic Systems, USA).  After equilibration, 

the haemodynamic response (as measured by changes in MAP and Qcarotid) to increasing degrees 

of negative pressure (0 to -8 mmHg relative to ambient pressure) applied to the chamber was 

measured.  

2.2.3 Protocol II - Haemodynamic response to vasoactive drugs 

  In addition to measurement of Qcarotid as described in protocol I, iliac artery flow (Qiliac) 

was also measured simultaneously using ultrasonic transit-time flowmetry.  A longitudinal 

medial laparotomy along the lower two thirds of the linea alba was performed, and the right 

common iliac artery was located immediately distal to the bifurcation of the abdominal aorta.  

The artery was cleaned of fat and connective tissue to allow adequate positioning of the flow 

probe for ultrasonic measurements.  After equilibration, vascular function (as measured by 

changes in MAP, Qcarotid and Qiliac) was assessed by constructing dose-response curves to the 

following vasoactive drugs.  Unless stated otherwise, drugs were administered as dose-

randomised controlled bolus intravenous injections (volume < 0.7 ml per injection) at a rate of 

0.79 ml/min using a Pump 11 Plus type syringe pump (Harvard Apparatus, USA): 

 

• methoxamine (0.04-2 µmol/kg) 

• acetylcholine (1-200 nmol/kg) 

• sodium nitroprusside (1-200 nmol/kg) 

• salbutamol† (1 nmol–2 µmol/kg) 
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• Nω-nitro-L-arginine methyl ester (L-NAME; 1-100 µmol/kg; non-randomised, cumulative) 

• N-(3-(Aminomethyl)benzyl)acetamidine (1400W; 0.2-20 µmol/kg; non-randomised, 

cumulative) 

 

† - L-NAME (50 µmol/kg) was administered intravenously after 30 mins of the 1 hr 

equilibration period to eliminate the nitric oxide-mediated component of the vascular response 

to salbutamol reported previously (Wang et al., 1993). 

2.2.4 Protocol III - Pharmacokinetics/pharmacodynamics of nitric oxide 

Amperometric detection of nitric oxide in circulating blood was performed using 

electrochemical nitric oxide sensors utilizing a gas permeable membrane selective for nitric 

oxide (AmiNO-700-T; Innovative Instruments, USA), connected to an Apollo 4000 free radical 

analyzer (WPI Inc., USA), based on the technique described by Mochizuki et al. (Mochizuki et 

al., 2002; Mochizuki et al., 2003).  Briefly, oxidation of nitric oxide at a working electrode held 

at a positive potential of ~900 mV results in generation of a small redox current that is 

proportional to the concentration of nitric oxide in solution.  Sensors were calibrated using a 

saturated solution of nitric oxide on each experimental day, prior to measurements being taken.  

In addition, the integrity (and therefore the selectivity) of the nitric oxide-selective membrane 

was verified by testing for a lack of response to 10 µM NaNO2 (Wadsworth et al., 2006).   

Following induction of anaesthesia and cannulation of vessels for drug 

infusion/measurement of arterial pressure described above, the right common iliac artery was 

located and prepared in similar fashion to that described in protocol II.  The dimensions of the 

amiNO-700-T NO sensor (tip diameter 700 µm; cable housing diameter ~900 µm) are such that 

it may be inserted into the abdominal aorta via cannulation of the right common iliac artery.  

The tip was advanced retrogradely back along the common iliac artery a short distance past the 
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bifurcation of the abdominal aorta such that it was located directly in the flow of blood, but did 

not obstruct blood flow to the left common iliac artery. 

 After equilibration, the depressor response and change in plasma nitric oxide 

concentration in response to 2.5 min infusions of sodium nitroprusside at 40, 80 and 100 

nmol/kg/min were recorded.  From preliminary experiments, 2.5 mins was found to be sufficient 

for both the concentration of plasma nitric oxide and depressor response to reach steady state.  

Infusion doses were administered in duplicate for each experiment, with the dose order 

randomised for each trial.  The pharmacokinetic half-life of nitric oxide and pharmacodynamic 

half-life of the depressor response were calculated from the decay constant determined from 

fitting a single exponential to the experimental trace at the point following cessation of the 

sodium nitroprusside infusion until the plasma nitric oxide concentration/MAP returned to 

baseline, according to equation 1: 

 

      [NO] =  e -kt                                      (Eq.1) 
           
 

where [NO] is circulating nitric oxide concentration, e is the base of the natural logarithm, k is 

the decay constant and t is time. 

Due to the nature of in vivo amperometric measurements, absolute plasma nitric oxide 

concentrations are not readily measured.  Alternatively, the change in plasma nitric oxide 

concentration in response to a stimulus (such as infusion with a nitric oxide donor) may be 

measured.  Furthermore, in contrast to in vitro measurements using such nitric oxide sensors, 

where temperature at the site of electrochemical measurement may be more tightly controlled, 

additional consideration was needed for in vivo nitric oxide measurements, as the redox current 

measured in response to nitric oxide oxidation is significantly dependent on temperature.  To 
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control for this, the temperature dependency of the nitric oxide sensor was assessed as part of 

the daily calibration procedure; this relationship could be described by a second order 

polynomial equation which was subsequently applied as a correction factor based on the 

measured core body temperature of the animal (measured simultaneously, as described above) 

to the raw signal from the nitric oxide sensor. 

2.2.5 Protocol IV - Measurement of blood volume 

 Total blood volume was measured using the 51Cr-labelled red blood cell method (Gray & 

Sterling, 1950).  Briefly, animals were anesthetized as above and cannulae were inserted into 

right exterior jugular vein and right common carotid artery for the injection of 51Cr-labelled red 

blood cells and the withdrawal of a reference blood sample, respectively.  After a 30 min 

equilibration, an aliquot of red blood cells labelled with 51Cr (0.25 ml) containing 

180,000±20,000 counts per min (cpm) was injected and a reference blood sample (0.2 ml) was 

obtained for the measurement of radioactivity at 20 min following injection. The radioactivity 

contained in the blood samples, syringes used for the injection, and test tubes used for holding 

the radiolabeled samples was counted with a gamma counter at energy settings of 271−375 keV.   

Total blood volume was calculated from equation 2: 

 

   total blood volume =   (total injected cpm x 0.2 ml)                         (Eq.2) 
          sample cpm 
 

where:   total injected cpm = total aliquot cpm – (syringe + test tube cpm). 

 

2.2.6 Drugs & reagents used for in vivo measurements 

 All drugs and chemicals were obtained from Sigma-Aldrich Chemicals (USA), with the 
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exception of 1400W which was purchased from Tocris Biosciences (UK) and 51Cr which was 

obtained from Perkin-Elmer (USA). 

2.2.7 Data acquisition and statistical analysis for in vivo measurements 

 The analogue signals from the bridge amplifier/flowmeter/free radical analyzer were 

digitized using a MacLab 4/s data acquisition system (A.D. Instruments, Australia) and were 

displayed and recorded using a PC running Chart v4.2 software (A.D. Instruments, Australia) 

and saved for subsequent offline analysis. 

 Heart rate (HR) and MAP were determined as the cyclic rate and cyclic mean of the 

arterial pressure signal, respectively.  In order to determine intrinsic vascular tone in particular 

regional beds, conductance values were calculated to normalize for changes in MAP.  This 

index of vascular tone is preferred over its reciprocal, resistance, in situations where changes in 

tone lead primarily to changes in flow (Lautt, 1989; Lautt, 1999; O'Leary, 1991).  Conductance 

of vascular beds served by the carotid (Ccarotid) and iliac (Ciliac) arteries was calculated as Qcarotid 

or Qiliac divided by MAP.  Responses to drugs were measured as the peak change from baseline 

values for each experimental group, and described as the mean±standard error. 

 Differences in baseline cardiovascular parameters and total blood volume between groups 

were analyzed individually for each protocol using students t-test with Welch’s correction for 

unequal variances.  The relationship between increasing LBNP, MAP, Qcarotid and Ccarotid were 

compared between control and HDT groups using repeated-measures two-way analysis of 

variance (ANOVA). Where appropriate, sigmoidal dose-response curves were fitted using Prism 

v4.03 software (GraphPad, USA) according to equation 3 and individual curves were used to 

determine the mean efficacy (Emax) and potency (ED50) of each drug for the cardiovascular 

variables of interest. 
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   response (y) =    bottom + (top – bottom)                (Eq.3) 

        1 + 10 (logEC50-x)HillSlope 

 

 Dose-response curves were analyzed statistically using two-way repeated-measures 

ANOVA, followed by planned Bonferroni post-tests to determine significant differences in Emax 

or ED50 between groups.  Both the peak change in plasma nitric oxide concentration/peak 

depressor response to infusion of sodium nitroprusside and the pharmacokinetic half-life of 

nitric oxide /pharmacodynamic half-life of the depressor response were compared between 

control and HDT animals using two-way repeated-measures ANOVA. 

 All statistical analyses were performed using Prism v4.03 with the probability of type I 

error (α) set at 0.05. 

2.3 IN VITRO ASSESSMENT OF VASCULAR FUNCTION 

2.3.1 Protocol V - Measurement of alpha-adrenoceptor function 

Tissue collection & preparation 

After 14 days of either HDT or control treatment, animals were anaesthetized with 

sodium thiobutabarbital (100 mg/kg i.p.).  After the onset of surgical anaesthesia, the common 

carotid, superior mesenteric, and iliac arteries were removed and immediately transferred to a 

Petri dish containing Krebs solution (composition in mM: NaCl 112.22; KCl 4.5; glucose 11.1; 

NaHCO3 26.19; KH2PO4 1.2; EDTA 0.0026; MgCl2•6H2O 1.2; and CaCl2•2H2O 2.56) gassed 

continuously with 95% O2/5% CO2 at room temperature.  The isolated arteries were cleaned of 

extraneous fatty and connective tissue and sectioned into ~5 mm rings.  The arterial rings were 

mounted in tissue baths containing 20 ml of Krebs solution gassed continuously with 95% O2-

5% CO2 at 37°C and connected to Grass FT-03-C force-displacement transducers (Grass 
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Instruments, USA) for measurement of isometric tension development (Bevan & Osher, 1972).  

The arteries were placed under a preload of 1 g resting tension and allowed to equilibrate for 1 

hr before beginning experimental measurements. 

In order to characterize the functional α1-adrenoceptor reserve characteristics in the 

arteries, cumulative concentration-response curves (CRCs) to methoxamine were constructed 

before and after a partial irreversible inactivation of receptors by phenoxybenzamine (3 nM, 5 

min incubation). Preliminary studies showed that there were no time- or vehicle (0.1 % EtOH)-

dependent differences between the methoxamine CRCs before and after vehicle treatment.  

After equilibration, 80 mM KCl was added to the bath to verify suitable contractile viability of 

the arteries.  After the contractile response to KCl reached a plateau, the arteries were washed 

three times (10 min between successive washes) and were allowed to relax to a stable baseline.  

A control CRC to methoxamine was then constructed over the concentration range 1 nM to 1 

mM.  The concentration of methoxamine was increased in log increments in a cumulative 

manner.  For each concentration, the arteries were allowed to contract to a plateau before the 

next administration was given.  After the first CRC, the arteries were washed four times (10 min 

between successive washes).  Once a stable baseline tension was recovered, the arteries were 

incubated with 3 nM phenoxybenzamine for 5 min, followed by four washes (15 min between 

successive washes).  Then, a second methoxamine CRC was constructed in a manner identical 

to the first CRC. 

Determination of receptor reserve 

The functional dissociation constant (KA) of methoxamine and the fraction of receptors 

remaining functional (q) after the phenoxybenzamine treatment were determined by using the 

graphical analysis of receptor reserve developed by Furchgott (Furchgott, 1966).  CRCs to 

methoxamine were produced in the absence, and following 5 min incubation with 3 mM 
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phenoxybenzamine.  The KA of methoxamine and the fraction or remaining functional receptors 

q after phenoxybenzamine treatment were used to construct reciprocal plots of equieffective 

concentrations according to equation 4: 
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where [A] and [A′] are equieffective concentrations of methoxamine before and after incubation 

with methoxamine, respectively.  The above plot yields a straight line, from which the values of 

KA and q can be determined according to equations 5 and 6: 
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Using the obtained values for KA and q, a receptor occupancy-response plot was constructed 

(Figure 3-12), calculating the fraction of receptors occupied (RA/Rt) from equation 7: 
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Contractile responses, expressed as % maximal response, were plotted against percentage of 

receptors occupied (% RA/Rt).  The resulting receptor-occupancy-response plot was used to 

compare the relative receptor reserve contents of a given artery from the HDT and control 

groups.  For quantitative and statistical comparisons of receptor reserve, the fraction of receptors 

occupied at 50% response levels (effective occupancy 50; EO50) was calculated and its 

reciprocal was used to define the degree of receptor reserve using equation 8 (Sheys & Green, 

1972) : 
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Implicated in the above definition of receptor reserve is that a receptor reserve exists for all 

values of greater than 2.  Therefore, this method allows quantitative representation and 

comparison of receptor reserves (Purdy & Stupecky, 1984). 

2.3.2 Protocol VI – Measurement of eNOS activity of isolated carotid and iliac arteries 

Taking advantage of a new technique for the measurement of nitric oxide recently 

established in our laboratory, electrochemical measurement of nitric oxide production from 

isolated arteries was performed to determine any differences in NOS activity between common 

carotid and common iliac arteries from HDT and control animals.  This method was used in 

preference to existing colorimetric (such as the Griess reaction) or radiolabeled L-citrulline 

assays due to its significantly enhanced sensitivity and lower detection limits of nitric oxide 

concentrations. 
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Tissue collection & preparation 

Animals were anaesthetised as described above and the right common carotid and right 

common iliac arteries were isolated, excised, and immediately transferred to a Petri dish 

containing Krebs solution (composition in mM: NaCl 112.22; KCl 4.5; glucose 11.1; NaHCO3 

26.19; KH2PO4 1.2; EDTA 0.0026; MgCl2•6H2O 1.2; and CaCl2•2H2O 2.56) aerated 

continuously with 95% O2/5% CO2 at room temperature.  The isolated arteries were cleaned of 

extraneous fatty and connective tissue and cut to a standard length (3 mm for carotid and 2 mm 

for iliac arteries) in order to minimize variability in surface area of endothelium between 

experiments.  Length-normalised artery sections were mounted on PE-50 polyethylene tubing 

attached to 23G-1 hypodermic needles (Beckton Dickinson; USA) and perfused with Krebs 

solution, aerated continuously with 95% O2/5% CO2 at 37°C in a custom built chamber (volume 

≈ 250 µl) at a flow rate of 1 ml/min using a MPII model peristaltic roller pump (Harvard 

Apparatus, USA).  The concentration of nitric oxide in the perfusate was measured 

amperometrically by insertion of an AmiNO-700 NO sensor (Innovative Instruments, USA) into 

the flow of perfusate via a side channel in the custom built chamber, and connected to an Apollo 

4000 free radical analyzer (WPI Inc., USA).  Sensors were calibrated and tested for specificity 

as described above.  A diagram of the apparatus is displayed in Appendix 2. 

Measurement of acetylcholine-induced nitric oxide production 

Acetylcholine was infused into the system prior to the peristaltic pump using a Pump 11 

Plus type syringe pump (Harvard Apparatus, USA) at infusion rates that resulted in 

concentrations in the perfusate of 1 nM – 10 µM.  Concentration-response curves were 

generated to acetylcholine in the absence or any inhibitors, and then following a 15 min infusion 

with either 1400W (2.5 µM) or L-NAME (20 µM). 
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2.3.3 Drugs & reagents used for in vitro measurements 

 All drugs and chemicals were obtained from Sigma-Aldrich Chemicals (USA), with the 

exception of 1400W which was purchased from Tocris Biosciences (UK). O2/CO2 gas mixture 

(95%/5%) was obtained from Praxair (Canada). 

2.3.4 Data acquisition and statistical analysis for in vitro measurements 

  For isometric tension of isolated artery measurements, the analogue signal from the 

bridge amplifier was digitized using a BIOPAC Data Acquisition System (MP150CE; BIOPAC 

Systems, USA) and displayed and recorded using a PC running AcqKnowledge v3.8.1 Software 

(BIOPAC Systems, USA), and saved for subsequent offline analysis.  For amperometric 

measurement of NO concentration in the perfusate of isolated arteries, the analogue signal from 

the Apollo 4000 free radical analyzer was digitized using a MacLab 4/s data acquisition system 

(A.D. Instruments, Australia) and displayed and recorded using a PC running Chart v4.2 

software (A.D. Instruments, Australia) and saved for subsequent offline analysis. 

Sigmoidal concentration-response curves were fitted using Prism v. 4.03 software 

(GraphPad, U.S.A.), as described for in vivo measurements.  Concentration-response curves 

were compared between control and HDT groups using two-way ANOVA followed by planned 

Bonferroni post-tests for differences in EC50 or Emax values, or by repeated measures two-way 

ANOVA where fitting of sigmoidal concentration-response curves was not justified by the data.  

Hyperbolic occupancy-response curves were fitted using Prism v. 4.03 software and compared 

between groups using two-way ANOVA followed by planned Bonferroni post-tests for 

differences in the receptor occupancy required for 50% of maximal response.  Receptor reserves 

were compared by unpaired, one-way Student’s t-test with by Bonferroni’s correction for 

multiple comparisons.   
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All statistical analyses were performed using Prism v 4.03 with the probability of type I 

error (α) set at 0.05. 

2.4 BIOCHEMICAL ASSESSMENT OF NITRIC OXIDE SYNTHASE EXPRESSION 

2.4.1 Protocol VII - Semi-quantification of arterial eNOS & iNOS protein expression 

Tissue collection & preparation 

Expression of eNOS and iNOS proteins were determined in the common carotid, iliac 

and superior mesenteric arteries. After 14 days of either control housing or HDT, rats were 

anaesthetized with thiobutabarbital as described above to allow excision of the required arteries. 

The vessels were isolated, excised, immediately frozen in liquid nitrogen and stored at -80°C for 

processing at a later date. Artery samples were homogenized with a Kinematica Polytron 

homogenizer (Brinkmann Instruments, USA) in RIPA lysis buffer (PBS, 1% Nonidet P-40, 

0.5% sodium deoxycholate, 0.1% SDS, 0.004% sodium azide, 1% DMSO, 1% protease cocktail 

inhibitor, 1% sodium orthovanadate). The homogenates were centrifuged twice at 10,000 g for 

10 minutes at 4°C to remove any tissue debris without precipitating suspended proteins. Total 

protein concentrations in the samples were determined by Bradford dye colorimetric assay 

against a bovine serum albumin protein standard curve (0.25µg/µL – 1.8 µg/µL). 

 

Western Blotting of eNOS & iNOS  

Protein samples containing Laemmli sample buffer and 2-mercaptoethanol were heated 

for 10 minutes in a water bath (70°C to 80°C). Samples (40 µg total protein) were loaded onto 

7.5% Tris-HCl polyacrylamide pre-cast gels along with protein markers, and iNOS and eNOS 

electrophoresis standards. The protein was size fractioned in Tris/glycine/SDS buffer at 130 V 

for 90 minutes. Following electrophoresis, proteins were transferred onto a methanol pre-treated 
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PVDF membrane (Millipore Corporation, USA) at 120 V for 1 hr in cold (4°C) transfer buffer 

(Tris/glycine/15% methanol). The membrane was blocked overnight at 4°C in blocking buffer 

(5% nonfat milk in wash buffer containing 50 mM Tris-HCl phosphate-buffered saline (PBS), 

0.05% TritonX-100, 0.05% Tween-200). The membrane was then incubated at room 

temperature for 1 hr in mouse anti-eNOS (1:2000) or anti-iNOS (1:2000) and anti ß-actin 

(1:2000) monoclonal antibodies and washed for 30 minutes in wash buffer on a shaker, 

replacing the wash buffer every 10 minutes. This was followed by incubation at room 

temperature for 1 hr in a fluorescent goat anti-mouse IgG (1:4000). The washing scheme was 

repeated with an additional final 5-minute wash in distilled water. The membranes were then 

scanned using an Odyssey Infrared Imaging System (LI-COR Biosciences, USA) to detect for 

fluorescence emitted by the goat anti-mouse secondary antibodies.  

Optical density areas of eNOS, iNOS and actin bands were measured using ImageJ – 

Image Processing and Analysis in Java program (National Institutes of Health, USA). 

Densitometric analysis of protein bands was conducted by measuring the optical density (O.D.) 

against a standard optical density curve (0 – 2.6 O.D.). Optical density profile plots (showing 

O.D. of all bands in each lane) were constructed after which the area under the curve of eNOS, 

iNOS and ß-actin bands were integrated. This method is widely employed in western blot 

analysis (Girish & Vijayalakshmi, 2004; Hu et al., 2003). Relative optical densities were 

computed by calculating eNOS:β-actin and iNOS:β-actin ratios. 

2.4.2 Protocol VIII – Immunostaining of arterial eNOS & iNOS 

In addition to semi-quantification of eNOS/iNOS protein expression levels using 

western blotting, immunohistochemical staining of the two NOS isoenzymes was performed on 

carotid, mesenteric and iliac arteries obtained from control and 14 day HDT rats.  In contrast to 

western blotting, immunohistochemistry allows only qualitative evaluation of differences in 
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endothelial protein levels, but with the advantage of having some degree of spatial resolution.  

Slices were prepared from arteries that had been perfusion-fixed in situ with paraformaldehyde 

and made in paraffin wax.  Sections (8 µm thick) of the tissues were cut at -20° C, collected on 

slides, and fixed with liquid nitrogen-cooled acetone.  Immunohistochemical staining for either 

eNOS or iNOS involved incubation of the sections for 3 min in hydrogen peroxidase (0.88 

mol/L) to quench endogenous peroxidase activity; treatment with a blocking solution for 30 

min; incubation with monoclonal mouse anti-iNOS or anti-eNOS antibodies (BD Laboratories, 

USA) for 60 min; incubation with biotinylated panspecific universal secondary antibody for 10 

min; and incubated with streptavidin-peroxidase complex for 20 min.  A 5 min wash with PBS 

(0.1 M, pH 7.2) was performed between each step and a solution of 3, 3’-diaminobenzidine (0.5 

mg/ml in 0.1 M PBS, pH 7.2; Sigma-Aldrich, USA) was used as the chromogen.  Some sections 

were treated with mouse nonspecific immunoglobulin G instead of the primary antibody to 

serve as negative controls. 

2.4.3 Reagents used for biochemical measurements 

  All reagents used for western blot experiments were obtained from Bio-Rad Laboratories 

(USA), with the exception of RIPA lysis buffer (Santa Cruz Biotechnology, USA), iNOS and 

eNOS electrophoresis standards (Cayman Chemicals, MI, USA), anti-eNOS and anti-iNOS 

monoclonal antibodies (BD Laboratories, Canada), anti- ß-actin (Sigma-Aldrich, USA) and 

fluorescent secondary antibody (Invitrogen Detection Technologies, USA). 

  All reagents for the immunohistochemical staining of arteries were obtained as a kit 

(Vectastain universal quick kit) from Vector Laboratories (USA) with the exception of anti-

eNOS and anti-iNOS monoclonal antibodies (BD Laboratories, Canada), goat-anti mouse IgG 

secondary antibody with horse-radish peroxidase conjugate and paraformaldehyde (Sigma-

Aldrich, USA). 
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2.4.4 Statistical analysis for biochemical measurements 

Data are described as mean±SE.  Differences in eNOS:β-actin or iNOS:β-actin ratios for 

each artery between control and HDT groups were analyzed using two-way ANOVA, followed 

by planned Bonferroni post-tests if ANOVA revealed any differences.  All statistical analyses 

were performed using Prism v4.03 with the probability of type I error (α) set at 0.05. 
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3 RESULTS 

3.1 IN VIVO ASSESSMENT OF VASCULAR FUNCTION 

3.1.1 Baseline cardiovascular variables and total blood volume 

No statistically significant differences in baseline cardiovascular measurements (HR, 

MAP, Qcarotid, Qiliac, Ccarotid, Ciliac) were observed between the control and 14 day HDT groups 

(Table 3-1).  Total blood volume also remained unchanged between control and HDT groups 

(17.6±0.3 vs. 17.1±0.3 ml, respectively). 

3.1.2 Response to Lower Body Negative Pressure (LBNP) 

 To investigate whether the functional response of the systemic and cerebral vasculature 

to LBNP exposure was altered following 14 days of HDT, MAP, Qcarotid and Ccarotid were 

measured during exposure to varying degrees of LBNP.  A marked decrease in MAP was 

observed in response to increasing LBNP (Figure 3-1A), up to a maximum decrease of -48±6 

and -56±6 mmHg in control HDT animals, respectively.  The relationship between LBNP and 

decreasing MAP was not determined to be significantly different between control and HDT 

animals.  LBNP also produced a significant decrease in both Qcarotid (Figure 3-1B) and Ccarotid 

(Figure 3-1C; maximum decrease in Qcarotid of -6.5±0.7 and -9.0±0.3; maximum decrease in 

Ccarotid of -3.7±0.8 and -5.9±0.5 for control and HDT animals, respectively).  The relationship 

between LBNP and both Qcarotid and Ccarotid was determined to be statistically significant 

(P=0.019 and 0.029, respectively).  These results indicate that while the systemic vascular 

response to LBNP is unaffected by 14 days of HDT, compensatory autoregulatory 

vasodilatation to preserve flow to the vasculature distal to the common carotid artery is 

impaired. 
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3.1.3 Haemodynamic response to vasoactive drugs 

3.1.3.1 Methoxamine   

To assess any changes in α1-adrenoceptor function in the systemic, cephalic and caudal 

vascular beds following exposure to simulated microgravity, the dose-response relationships 

between the selective α1-adrenoceptor agonist methoxamine (Bianchi et al., 1959) and MAP, 

Ccarotid and Ciliac were compared between control and 14 day HDT animals.  Methoxamine (0.04-

2 µmol/kg) decreased Qcarotid and Qiliac, (Table 3-2) and increased MAP (Figure 3-2C) for both 

groups of rats.  Methoxamine was found to cause a dose-dependent decrease in Ccarotid and Ciliac 

for both groups (Figure 3-2A&B), with Emax being increased for Ccarotid (-3.7±0.6 vs. -1.9±0.2 

ml/min/100 mmHg; P=0.028), but decreased for Ciliac (-2.3±0.2 vs. -4.1±0.3 ml/min/100 mmHg; 

P=0.002) as well as MAP (57±3 vs. 77±3 mmHg; P=0.001) in the HDT relative to the control 

group.  No significant differences in ED50 for methoxamine were observed between the groups 

for any of the measured haemodynamic variables.  These results suggest that α1-adrenoceptor 

mediated vasoconstriction is increased in cephalic vascular beds but decreased in the systemic 

and caudal beds of the HDT group relative to the control group. 

3.1.3.2 Salbutamol  

To investigate any functional changes in β2-adrenoceptor-mediated vasodilatation in the 

systemic, cephalic and caudal vascular beds following exposure to simulated microgravity, the 

dose-response relationships between the partially selective β2-adrenoceptor agonist salbutamol 

(Kelman et al., 1969) and MAP, Ccarotid and Ciliac were compared between control and 14 day 

HDT animals.  In order to selectively investigate the direct vasodilator function of β2-

adrenoceptors in the vascular beds of interest, the previously reported nitric oxide-mediated 

component of β2-adrenoceptor-mediated vasodilatation (Wang et al., 1993) was inhibited by 
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prior intravenous administration of 50 µmol/kg L-NAME.  Salbutamol (1 nmol–2 µmol/kg) 

decreased Qcarotid and Qiliac (Table 3-2) and MAP (Figure 3-3C) similarly for both groups of rats.  

Flow values were normalized by MAP to reveal intrinsic vascular tone in regional beds 

independent of perfusion pressure. Salbutamol produced a similar dose-dependent increase in 

Ccarotid and Ciliac (Figure 3-3A&B) in both groups with no significant difference in determined 

Emax values (3.2±0.1 vs. 3.4±0.2 ml/min/100 mmHg for Ccarotid and 4.1±0.2 vs. 4.0±0.1 

ml/min/100 mmHg for Ciliac) between control and HDT animals.  No significant difference in 

the ED50 of salbutamol between groups was observed for any of the measured haemodynamic 

variables.  These results suggest that direct β2-adrenoceptor-mediated vasodilatation is unaltered 

in the systemic, cephalic and caudal vascular beds following 14 days of HDT. 

3.1.3.3 Acetylcholine   

To assess any changes in endothelium-dependent vasodilator function in the systemic, 

cephalic and caudal vascular beds following exposure to simulated microgravity, the dose-

response relationships between the endogenous cholinergic neurotransmitter acetylcholine 

(known to stimulate endothelium-dependent vasodilatation via endothelial muscarinic receptors) 

(Boulanger et al., 1994; van Zwieten & Doods, 1995) and MAP, Ccarotid and Ciliac were 

compared between control and 14 day HDT animals.  Acetylcholine (1-200 nmol/kg) decreased 

Qcarotid and Qiliac (Table 3-2) and MAP (Figure 3-4C) for both groups of rats.  Flow values were 

normalized by MAP to reveal intrinsic vascular tone in regional beds independent of perfusion 

pressure. Acetylcholine produced a dose-dependent increase in Ccarotid and Ciliac (Fig. 2), with 

Emax being decreased in the HDT group compared with control for Ccarotid (5.5±0.6 vs. 9.3±0.6 

ml/min/100 mmHg; P=0.001), but increased in the HDT group for Ciliac (9.8±0.6 vs. 5.6±0.5 

ml/min/100 mmHg; P<0.001) and MAP (-66±2 vs. -54±1 mmHg; P=0.002).  No significant 

difference in the ED50 of acetylcholine between groups was observed for any of the measured 
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haemodynamic variables.  These results suggest that endothelium-dependent vasodilatation in 

response to acetylcholine in the HDT group was less in the cephalic vascular bed but greater in 

the systemic and caudal beds, relative to the control group. 

3.1.3.4 Sodium nitroprusside   

To investigate any functional changes in the vasodilator response to nitric oxide in the 

systemic, cephalic and caudal vascular beds following exposure to simulated microgravity, the 

dose-response relationships between the nitric oxide donor sodium nitroprusside (Palmer & 

Lasseter, 1975) and MAP, Ccarotid and Ciliac were compared between control and 14 day HDT 

animals.  Sodium nitroprusside (1-200 nmol/kg) decreased Qcarotid and Qiliac (Table 3-2) and 

MAP (Figure 3-5C) similarly for both groups of rats.  Flow values were normalized by MAP to 

reveal intrinsic vascular tone in regional beds independent of perfusion pressure. Sodium 

nitroprusside produced a similar dose-dependent increase in Ccarotid and Ciliac (Figure 3-5A&B) in 

both groups with no significant difference in determined Emax or values (8.4±0.4 vs. 8.1±0.4 

ml/min/100 mmHg for Ccarotid and 7.4±0.4 vs. 7.2±0.6 ml/min/100 mmHg for Ciliac) between 

control and HDT animals.  No significant difference in the ED50 of sodium nitroprusside 

between groups was observed for any of the measured haemodynamic variables.  These results 

suggest that NO-mediated vasodilatation is unaltered in the systemic, cephalic and caudal 

vascular beds following 14 days of HDT. 

3.1.3.5 L-NAME 

To assess any functional changes in NOS-mediated vasodilatation in the systemic, 

cephalic and caudal vascular beds following exposure to simulated microgravity, the dose-

response relationships between the non-selective NOS inhibitor L-NAME (Rees et al., 1990) 

and MAP, Ccarotid and Ciliac were compared between control and 14 day HDT animals.  L-NAME 
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(1-100 µmol/kg) produced a decrease in Qcarotid, Qiliac (Table 3-2), Ccarotid and Ciliac, and a dose-

dependent increase in MAP for both HDT and control groups (Figure 3-6), with Emax being 

significantly decreased in the HDT group compared with control for Ccarotid (-4.5±0.2 vs. -

6.4±0.4 ml/min/100 mmHg; P=0.001), but increased in the HDT group for Ciliac (-4.9±0.3 vs. -

3.4±0.2 ml/min/100 mmHg; P=0.002) and MAP (44±2 vs. 31±2 mmHg; P=0.001).  No 

significant difference in the ED50 of L-NAME between groups was observed for any variables.  

These results show that regional influence of NOS was less in the cephalic bed, but greater in 

the caudal bed, and in the systemic vasculature of HDT rats relative to control animals. 

3.1.3.6 N-(3-(Aminomethyl)benzyl)acetamidine (1400W) 

To determine whether iNOS contributed to any differences observed in response to non-

selective inhibition of NOS with L-NAME in the systemic, cephalic and caudal vascular beds 

following exposure to simulated microgravity, the dose-response relationships between the 

selective iNOS inhibitor 1400W (Garvey et al., 1997) and MAP, Ccarotid and Ciliac were 

compared between control and 14 day HDT animals.  As shown in Figure 3-7, 1400W (0.2-20 

µmol/kg) was found to have negligible effects on Qcarotid, Qiliac, Ccarotid, Ciliac and MAP in both 

control and HDT animals, therefore formal statistical comparison of these variables between 

groups was not justified (or feasible). 

3.1.4 Pharmacokinetics/pharmacodynamics of nitric oxide 

In addition to investigating vascular adaptation of the L-arginine/nitric oxide pathway at 

the level of nitric oxide production, the kinetics of both removal of nitric oxide from the 

circulation (apparent pharmacokinetic half-life) and the termination of the depressor response to 

nitric oxide (apparent pharmacodynamic half-life) following an infusion of SNP were compared 

between control and 14 day HDT animals.  Infusions of SNP (40-100 nmol/kg/min) produced 
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dose-dependent increases in plasma nitric oxide concentration and decreases in MAP (Figure 

3-8), which were not found to be significantly different between control and HDT animals.  

Pharmacokinetic and pharmacodynamic half-lives were calculated from the corresponding 

elimination rate constants determined from the experimental trace following cessation of sodium 

nitroprusside infusion (example trace displayed in Figure 3-9).  Neither pharmacokinetic or 

pharmacodynamic mean half-life values varied significantly between doses or between groups 

(Figure 3-10).  The mean half life of nitric oxide in plasma was determined as 44±3 sec and 

41±3 sec and the mean half life of the depressor response was 19±2 sec and 19±1 sec, for 

control and HDT animals, respectively.   

From these data, it appears that 14 days of HDT had no significant effect on the 

pharmacokinetics or pharmacodynamics of exogenously applied nitric oxide in the systemic 

circulation.  This allows a reasonable assumption that the bioavailability of endogenously 

produced nitric oxide, and the mechanisms involved the termination of action of the effector 

mechanism (i.e. sGC stimulation) is similarly unaffected by simulated microgravity. 

3.2 IN VITRO ASSESSMENT OF VASCULAR FUNCTION 

3.2.1 α1-Adrenoceptor function in isolated carotid, mesenteric and iliac arteries 

To further investigate the in vivo findings regarding altered haemodynamic responses to 

the α1-adrenoceptor agonist methoxamine, isometric contractile responses to methoxamine and 

α1-adrenoceptor receptor reserve were determined in control and 14 day HDT rats.  In isolated 

arteries, methoxamine produced a concentration-dependent increase in tension (Figure 3-11).  

The values for Emax were significantly lower in HDT animals compared with control in the 

carotid (1.1±0.1 vs. 0.8±0.1 g; P=0.033) and mesenteric arteries (1.2±0.1 vs. 0.9±0.1 g; 
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P=0.012), but were unchanged in the iliac artery (1.3±0.1 vs. 1.2±0.1 g; P=0.193).  No 

significant differences in EC50 values were observed between control and HDT animals in any 

of the arteries investigated. 

Incubation with phenoxybenzamine (3 nM) for 5 min shifted the methoxamine 

concentration-response curves to the right.  As described in the Materials & Methods section, 

the magnitude of this shift was subsequently used to determine the fraction of remaining 

functional α1-adrenoceptors (q) and the functional dissociation constant (pKA), values for which 

are summarised in Table 3-3.  These values were used to construct a receptor occupancy-

response plot for each artery (Figure 3-12); α1-adrenoceptor reserve was determined as the 

reciprocal of receptor occupancy at 50% of the maximum response (Table 3-4).  From the 

hyperbolic characteristics of the receptor occupancy-response curves determined for the carotid 

and iliac arteries from both groups of animals (Figure 3-12A&C), substantial α1-adrenoceptor 

reserve was qualitatively apparent.  No significant difference between the α1-adrenoceptor 

reserve values for iliac arteries from HDT and control groups (14.6±2.9 vs. 20.3±4.5) was 

observed, however, there was a statistically significant decrease in α1-adrenoceptor reserve in 

carotid arteries taken from HDT animals compared with control (6.4±1.7 vs. 15.2±3.2; 

P=0.020).  The linear nature of the receptor occupancy-response curves from mesenteric arteries 

(Figure 3-12B) suggested negligible or no apparent receptor reserve in either group - this was 

confirmed by similar determined receptor reserve values of 2.4±0.4 and 2.8±0.3 in control and 

HDT groups, respectively. 

This study suggests that the maximal contractile response to methoxamine is decreased 

in carotid and mesenteric arteries following simulated microgravity, and that decreased α-

adrenoceptor reserve may account for such changes in the carotid, but not mesenteric arteries.  

No significant change in maximal contractile response or α-adrenoceptor reserve are observed in 



 
78 

iliac arteries. These findings are in contrast to the in vivo observations from study 2, where 

measurement of carotid and iliac vascular conductance (as an index of intrinsic vascular tone) 

suggested that there was increased and decreased α-adrenoceptor-mediated vasoconstriction in 

the carotid and iliac vascular beds, respectively.  A possible explanation for this inconsistency 

between results is that changes in vascular function induced by simulated microgravity may 

vary depending on the size of blood vessel, as conduit arteries (such as the carotid) are 

recognised as having significant functional differences (i.e. mechanisms of regulation of smooth 

muscle tone) compared with resistance vessels (Busse et al., 2000; Feletou & Vanhoutte, 1996; 

Rowell, 1993).  

3.2.2 Apparent eNOS activity of isolated carotid and iliac arteries  

In order to determine whether the in vivo observations regarding altered control of 

vascular tone by the L-arginine/nitric oxide pathway in cephalic and caudal vascular beds could 

be explained by differences in nitric oxide-producing capacities (reflecting NOS enzyme 

expression levels and/or activity), electrochemical measurement of acetylcholine-induced nitric 

oxide production from isolated carotid and iliac arteries from HDT and control animals was 

performed.  In addition, the concentration-response relationship between acetylcholine and 

nitric oxide production from isolated arteries was investigated in the presence and absence of 

the non-selective NOS inhibitor L-NAME and the selective iNOS inhibitor 1400W. 

As shown in Figure 3-13, acetylcholine induced a concentration-dependent increase in 

nitric oxide concentration in the perfusate of isolated carotid and iliac arteries.  The maximal 

increase in nitric oxide production was significantly decreased in carotid arteries isolated from 

HDT rats compared with control animals (19.5±0.47 vs. 15.4±0.36 nM, P=0.001; Figure 

3-13A).  Following a 15 min infusion with 1400W, nitric oxide production remained unchanged 
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relative to the maximal levels prior to exposure to the inhibitor, however a significant difference 

between control and HDT groups was still observed (19.3±0.65 vs. 16.7±0.51 nM, P=0.008; 

Figure 3-13A).  Infusion with L-NAME significantly decreased maximal acetylcholine-induced 

nitric oxide production in both control (7.9±0.40 vs. 19.5±0.47 nM; P<0.001) and HDT (7.3±0.8 

vs. 15.4±0.36; P<0.001) groups, however comparison of maximal nitric oxide production 

between groups following L-NAME infusion determined no significant difference.  No 

significant difference in EC50 values were determined between groups or in the presence or 

absence of either 1400W or L-NAME. 

A similar concentration-dependent increase in nitric oxide production was observed in 

isolated iliac arteries (Figure 3-13B), however no significant difference between the maximal 

nitric oxide production was observed between arteries from control (17.7±0.67 nM) and HDT 

animals (16.3±0.44 nM).  Infusion with 1400W had no effect on maximal nitric oxide 

production from iliac arteries from either experimental group, while L-NAME infusion 

significantly decreased maximal production from arteries isolated from control (7.1±0.9 vs. 

17.7±0.67 nM) and HDT (8.5±0.60 vs. 16.3±0.44 nM) animals, albeit to a similar (non-

significant) degree.  No significant differences in EC50 values were determined between groups 

or in the presence or absence of either 1400W or L-NAME. 

These data suggest that eNOS activity in carotid arteries is decreased following exposure 

to simulated microgravity, whereas eNOS activity in iliac arteries remains unchanged.  

Furthermore, the lack of effect of 1400W on acetylcholine-induced nitric oxide production 

suggests that iNOS makes a negligible or no contribution to nitric oxide production in either the 

carotid or iliac arteries.  These findings are in partial agreement with the earlier in vivo findings 

suggesting decreased contribution of eNOS to vascular tone in cephalic vascular beds, but does 
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not account for the functional evidence suggesting increased contribution of eNOS in caudal 

vascular beds following simulated microgravity.   

3.3 BIOCHEMICAL ASSESSMENT OF NITRIC OXIDE SYNTHASE EXPRESSION 

3.3.1 Semi-quantification of arterial eNOS & iNOS protein expression 

In light of the findings from both in vivo and in vitro experiments suggesting changes in 

the contribution of NOS isoforms to vascular tone in the cephalic and caudal vasculatures, semi-

quantification of eNOS/iNOS protein levels in carotid, mesenteric and iliac artery homogenates 

from control or HDT rats was performed using western blotting. 

Relative eNOS/iNOS protein expression was quantified as a ratio of the band density 

compared with that of β-actin.  Figure 3-14 shows an example western blot from which such 

band densities were determined.  Bands corresponding to eNOS (molecular weight ~135 kDa) 

and iNOS (molecular weight ~130 kDa) were identified between the 150 and 100 kDa 

molecular weight markers (lane M; Figure 3-14A&B).  As shown in Figure 3-15A, eNOS 

expression was slightly higher in mesenteric arteries compared with carotid or iliac arteries 

(which exhibited similar levels of expression), however no significant difference in eNOS 

expression between control and HDT animals was determined in any of the arteries investigated.  

Figure 3-15B demonstrates that a small degree of basal iNOS expression was observed in all 

three arteries evaluated, however no significant difference between arteries from control or HDT 

animals was observed. 

The findings from this study suggest that the differences in the contribution of NOS 

isoforms to vascular tone of cephalic and caudal vascular beds between control and HDT 

observed from in vivo and in vitro functional studies are likely not due to changes in levels of 

protein expression, but may reflect changes in enzyme activity. 
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3.3.2 Immunostaining of arterial eNOS & iNOS  

In addition to semi-quantification of eNOS/iNOS protein expression levels using 

western blotting, immunohistochemical staining of the two NOS isoenzymes was performed on 

carotid, mesenteric and iliac arteries obtained from control and 14 day HDT rats.  In contrast to 

western blotting, immunohistochemistry allows only qualitative evaluation of differences in 

endothelial protein levels, but with the advantage of having some degree of spatial resolution.  

Figure 3-16 shows example photographs of arterial sections stained for eNOS.  Qualitative 

evaluation does not suggest any detectable significant differences in the immunostaining for 

eNOS between arteries from control and HDT rats.  Staining for iNOS in the same arteries was 

negligible, and was difficult to distinguish from non-specific background staining.  In light of 

the western blot data, at the resolution of microscopy used in this study it appears that 14 day 

HDT does not induce any significant changes in eNOS or iNOS expression in the three arteries 

investigated. 

The data from this study suggest that the in vivo functional changes associated with 

alterations in the control of vascular tone by eNOS observed following simulated microgravity 

are likely not associated with changes in NOS protein expression. 
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Figure 3-1 – Haemodynamic response to lower body negative pressure  

Relationship between applied lower body negative pressure (LBNP) and mean arterial pressure 

(MAP; A), carotid artery flow (Qcarotid; B) and carotid artery conductance (Ccarotid; C) in 

thiobutabarbital-anaesthetised control (○) and 14 days of head-down tilt (HDT) rats (●).  Data 

are displayed as the mean±SE change from baseline (n=8 per group).  * denotes P<0.05 for two-

way repeated-measures ANOVA. 
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Figure 3-2 – Haemodynamic response to methoxamine 

Dose-response relationships between methoxamine (i.v. bolus) and carotid artery conductance 

(Ccarotid; A), iliac artery conductance (Ciliac; B) and mean arterial pressure (MAP; C) in 

thiobutabarbital-anaesthetised control (○) and 14 day head-down tilt (HDT) rats (●).  Data are 

displayed as the mean±SE change from baseline (n=7 per group).  * denotes P<0.05 for two-

way repeated-measures ANOVA followed by planned Bonferroni post-tests for differences in 

Emax values. 
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Figure 3-3 – Haemodynamic response to salbutamol 

Dose-response relationship between salbutamol (i.v. bolus) and carotid artery conductance 

(Ccarotid; A), iliac artery conductance (Ciliac; B) and mean arterial pressure (MAP; C) in 

thiobutabarbital-anaesthetised control (○) and 14 day head-down tilt (HDT) rats (●).  Data are 

displayed as the mean±SE change from baseline (n=7 per group).  Two-way ANOVA 

determined no significant difference between Emax values for control and HDT groups for any 

variable measured. 
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Figure 3-4 – Haemodynamic response to acetylcholine 

Dose-response relationships between acetylcholine (ACh; i.v. bolus) and carotid artery 

conductance (Ccarotid; A), iliac artery conductance (Ciliac; B) and mean arterial pressure (MAP; C) 

in thiobutabarbital-anaesthetised control (○) and 14 day head-down tilt (HDT) rats (●).  Data are 

displayed as the mean±SE change from baseline (n=7 per group).  * denotes P<0.05 for two-

way repeated-measures ANOVA followed by planned Bonferroni post-tests for differences in 

Emax values. 



 
86 

 
Figure 3-5 – Haemodynamic response to sodium nitroprusside 

Dose-response relationships between sodium nitroprusside (SNP; i.v. bolus) and carotid artery 

conductance (Ccarotid; A), iliac artery conductance (Ciliac; B) and mean arterial pressure (MAP; C) 

in thiobutabarbital-anaesthetised control (○) and 14 day head-down tilt (HDT) rats (●).  Data are 

displayed as the mean±SE change from baseline (n=7 per group). 
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Figure 3-6 – Haemodynamic response to L-NAME 

Dose-response relationships between Nω-nitro-L-arginine methyl ester (L-NAME; i.v. bolus) 

and carotid artery conductance (Ccarotid; A), iliac artery conductance (Ciliac; B) and mean arterial 

pressure (MAP; C) in thiobutabarbital-anaesthetised control (○) and 14 day head-down tilt 

(HDT) rats (●).  Data are displayed as the mean±SE change from baseline (n=7 per group).  * 
denotes P<0.05 for two-way repeated-measures ANOVA followed by planned Bonferroni post-

tests for differences in Emax values.  
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Figure 3-7 – Haemodynamic response to 1400W 

Dose-response relationships between 1400W (i.v. bolus) and carotid artery conductance (Ccarotid; 

A), iliac artery conductance (Ciliac; B) and mean arterial pressure (MAP; C) in thiobutabarbital-

anaesthetised control (○) and 14 day head-down tilt (HDT) rats (●).  Data are displayed as the 

mean±SE change from baseline (n=7 per group).  * denotes P<0.05 for two-way repeated-

measures ANOVA followed by planned Bonferroni post-tests for differences in Emax values.  
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Figure 3-8 – Peak plasma [NO] and MAP response to sodium nitroprusside 

Increase in plasma nitric oxide (NO) concentration (A) and mean depressor response (B) in 

response to intravenous sodium nitroprusside (SNP) infusion in control (○) and 14 day head-

down tilt (HDT) rats (●).  Data are expressed as the mean±SE change from baseline plasma NO 

concentration and mean arterial pressure (MAP) (n=7 per group).  Two-way repeated measures 

ANOVA determined no significant difference between control and HDT groups for either 

variable. 
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Figure 3-9 – Simultaneous recording of plasma [NO] and mean arterial pressure 

Example trace displaying simultaneous measurement of plasma nitric oxide (NO) concentration 

and mean arterial pressure (MAP) in response to an intravenous infusion of sodium 

nitroprusside (SNP) at 40 nmol/kg/min in a thiobutabarbital-anaesthetised control animal.  

Plasma NO concentration was measured using an amperometric NO electrode located in the 

abdominal aorta calibrated using a saturated NO gas solution. 
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Figure 3-10 – Pharmacokinetic & pharmacodynamic half lives of NO 

Mean half-life values for plasma nitric oxide (NO) concentration and for the mean arterial 

pressure (MAP) response to intravenous sodium nitroprusside (SNP) infusion at 40, 80 and 100 

nmol/kg/min in control (open bars) and 14-day head down tilt (HDT) animals (solid bars).  Data 

are expressed as the mean±SE half-life values determined from fitting a single exponential 

decay function to the raw plasma NO concentration and mean arterial pressure (MAP) data 

following cessation of SNP infusion (n=7 per group).  Two-way repeated measures ANOVA 

determined no significant difference between control and HDT groups for either variable. 
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Figure 3-11 – Isometric contractile response of isolated arteries to methoxamine 

Concentration-response curves (CRCs) for isolated carotid (A), mesenteric (B) and iliac (C) 

isometric contractile responses to methoxamine in control (○) and 14 day head-down tilt (HDT) 

rats (●).  Data are displayed as the mean±SE change from baseline (A, B, C) or receptor 

occupancy (D, E, F) and represent n=7 per group.  * denotes P<0.05 for two-way ANOVA 

followed by planned Bonferroni post-tests for differences in Emax values. 
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Figure 3-12 – Receptor occupancy-response relationships for isolated arteries 

Receptor occupancy-response curves for isolated carotid (A), mesenteric (B) and iliac (C) 

calculated from the attenuation of isometric contractile responses to methoxamine following 

incubation with phenoxybenzamine (3 nM) for 5 minutes (using Furchgott’s method) in control 

(○) and 14 day head-down tilt (HDT) rats (●).  Data are displayed as the mean±SE receptor 

occupancy and represent n=7 per group.  * denotes P<0.05 for two-way ANOVA followed by 

planned Bonferroni post-tests for differences in the receptor occupancy required for 50% of 

maximal response. 
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Figure 3-13 – NO-producing capacity of perfused isolated carotid & iliac arteries 

Acetylcholine (ACh)-induced nitric oxide (NO)-release from isolated perfused carotid (A) and 

iliac (B) arteries.  ACh was infused into the system at concentrations (in the perfusate) of 1 nM 

– 10 µM.  Concentration-response curves (CRC) were generated to ACh in the absence or any 

inhibitors, and then following a 15 min infusion with either 1400W (2.5 µM) or L-NAME (20 

µM).  Data are expressed as the mean±SE change from baseline NO concentration (n=7 per 

group).  * denotes P<0.05 for Two-way ANOVA followed by planned Bonferroni post-tests for 

differences in Emax values between groups in the absence of inhibitors or following 1400W (†).  

Two-way repeated measures ANOVA determined a significant difference between the CRC 

before and after L-NAME for both groups (‡), but no difference was observed when the 

responses between groups were compared. 
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Figure 3-14 - Western blot for eNOS and iNOS 

Example western blot for endothelial nitric oxide synthase (eNOS; A) and inducible nitric oxide 

synthase (iNOS; B) using tissue homogenates obtained from carotid (lane 2), iliac (lane 3) and 

mesenteric (lane 4) arteries from a control animal. Lane 1 contained recombinant eNOS or 

iNOS gel electrophoresis standards, lane M contained molecular weight markers.  β-actin was 

employed as a control for equal lane loading; β-actin and eNOS/iNOS bands were determined 

using either primary mouse anti-β-actin, anti-eNOS or anti-iNOS monoclonal antibody detected 

with goat-anti mouse IgG secondary antibody with infrared fluorescent conjugate. 
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Figure 3-15 - eNOS & iNOS protein expression levels 

Relative protein expression of eNOS and iNOS in carotid, mesenteric and iliac arteries from 

control (open bars) and 14-day HDT rats (solid bars).  Data are displayed as the mean±SE 

optical density (O.D.) ratio between either eNOS or iNOS and β-actin for each lane analysed 

(n=5 animals per group).  Two-way ANOVA revealed no significant difference between eNOS 

or iNOS expression in each artery between control and HDT groups when α = 0.05. 
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carotid mesenteric iliac 

   

   

 

 

Figure 3-16 – Immunostaining of eNOS in carotid, mesenteric and iliac arteries 

Example photographs showing immunostaining of endothelial nitric oxide synthase (eNOS; 

dark brown) in transverse slices of carotid, mesenteric and iliac arteries from control (upper 

panels) and 14 day head-down tilt (HDT) rats (lower panels).  Slices were stained using primary 

mouse anti-eNOS monoclonal antibody detected with goat-anti mouse IgG secondary antibody 

with horseradish peroxidase conjugate. SM; smooth muscle layer. Arrows indicate endothelial 

cell layer. 
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Table 3-1 – Baseline cardiovascular parameters in control & 14 day HDT rats 

 Protocol I Protocol II Protocol III 

 control HDT control HDT control HDT 

HR (beats/min) 371±10 362±11 369±7 354±11 364±7 362±9 

MAP (mmHg) 106±6 99±4 103±3 109±4 101±4 102±4 

Qcarotid (ml/min) 11.0±0.6 10.6±0.7 11.1±0.7 10.0±0.6 n/a n/a 

Qiliac (ml/min) n/a n/a 7.9±0.5 7.4±0.9 n/a n/a 

Ccarotid (ml/min/100mmHg) 9.9±1.0 10.5±0.7 10.8±0.7 10.0±0.7 n/a n/a 

Ciliac (ml/min/100mmHg) n/a n/a 7.8±0.6 7.0±0.4 n/a n/a 

Data are displayed as the mean±SE. HDT, 14-day head-down tilt; HR, heart rate; MAP, mean 

arterial pressure; Qcarotid, carotid artery blood flow; Qiliac, iliac artery blood flow; Ccarotid, carotid 

artery conductance; Ciliac, iliac artery conductance. n/a denotes that this cardiovascular 

parameter was not measured as part of this experimental protocol.  Students t-test with Welch’s 

correction for unequal variances revealed no significant differences in any of the variables 

measured between control and HDT rats for all three protocols. 
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Table 3-2 – Maximal drug-induced changes in regional flow in control or 14 day HDT rats 

 ΔQiliac (ml/min) ΔQcarotid (ml/min) 

 control HDT control HDT 

methoxamine -3.1±0.5 -1.3±0.4* -1.4±0.3 -2.1±0.4 

acetylcholine -3.0±0.4 -6.5±0.7* -4.9±0.6 3.6±0.5 

Sodium nitroprusside -4.4±0.6 -4.4±0.5 -5.0±0.5 -5.1±0.6 

L-NAME -1.0±0.3 -2.2±0.6 -2.0±0.4 1.8±0.3 

1400W n/a n/a n/a n/a 

salbutamol -1.2±0.3 -1.3±0.4 -0.9±0.3 -1.1±0.4 

Data are displayed as the maximum change from baseline of blood flow to the vasculature distal 

to the common iliac artery (ΔQiliac) or blood flow to the vasculature distal to the common carotid 

artery (ΔQcarotid) observed for each drug and represent the mean±SE; n=7 per group. HDT, 14-

day head-down tilt; ACh, acetylcholine; SNP, sodium nitroprusside; L-NAME, Nω-nitro-L-

arginine methyl ester.  * denotes P<0.05 for students t-test with Welch’s correction for unequal 

variances for differences in ΔQiliac or ΔQcarotid between control and HDT rats. 



 
100 

 

Table 3-3 - Fraction of remaining functional α1-adrenoceptors and determined dissociation 

constants for methoxamine following incubation with phenoxybenzamine 

 q pKA 

 control HDT control HDT 

Carotid artery 0.23±0.04 0.37±0.06 4.9±0.2 5.2±0.1 

Mesenteric artery 0.63±0.09 0.47±0.04 5.4±0.2 5.3±0.1 

Iliac artery 0.22±0.02 0.22±0.06 4.8±0.1 4.9±0.1 

Data are displayed as the mean±SE; n=5 per group. q, fraction of functional α1-adrenoceptors 

remaining in isolated arteries following incubation with 3 nM phenoxybenzamine for 5 min; 

pKA, determined dissociation constant for methoxamine; HDT, 14-day head-down tilt. 



 
101 

 

Table 3-4 - α1-adrenoceptor reserve in isolated arteries from control and 14 day HDT 

animals 

 α1-adrenoceptor reserve 

 control HDT 

Carotid artery 15.2±3.2 6.4±1.7* 

Mesenteric artery 2.4±0.4 2.8±0.3 

Iliac artery 14.6±2.9 20.3±4.5 

Data are displayed as the mean±SE; n=5 per group. HDT, 14-day head-down tilt. 
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4 DISCUSSION 

4.1 REVIEW OF HYPOTHESES & SPECIFIC RESEARCH OBJECTIVES 

4.1.1 Characterisation of the HDT model & demonstration of differential adaptation in 

vivo  

Before the mechanisms underlying differential adaptation to microgravity could be 

investigated in vivo, demonstration of functional adaptation analogous to that thought to be 

associated with orthostatic intolerance in humans was necessary.  As observed in Figure 

3-1B&C, the cerebral haemodynamic response to LBNP was impaired following 14 days of 

HDT, with a greater decrease in Qcarotid and Ccarotid observed in the HDT group compared with 

control.  Moreover, this effect was not associated with any change in the hypotensive response 

(Figure 3-1A) or with a change in total blood volume (Section 3.1.1).  As discussed in the 

Introduction, orthostatic intolerance following microgravity exposure may, or may not be 

associated with hypotension (Buckey et al., 1996; Pavy-Le Traon et al., 1995).  While a 

decrease in MAP in response to LBNP was observed in this study, the lack of hypotensive effect 

between groups suggests that the impaired Ccarotid reflects alterations in cerebrovascular 

autoregulation of flow in response to hypotension (lower end of the flow-pressure curve; Figure 

1-4).  Whether the lack of difference in the hypotensive effect is due to the absence of 

hypovolaemia or impairment of the mechanisms controlling cardiac output and/or TPR in HDT 

relative to control animals is unknown.  A negligible effect of HDT on blood volume has been 

observed previously (Chew & Segal, 1997), but has also been shown to vary between strains of 

animals used and the duration of HDT (Dunn et al., 1985). 

 While clear effects on the cerebral haemodynamic response to LBNP were observed 

following HDT, demonstration of differential adaptation from the simultaneous measurement of 



 
103 

Ciliac (in addition to Ccarotid) in response to LBNP was not possible due to technical limitations 

associated with the required longitudinal medial laparotomy for ultrasonic measurement of Qiliac.  

Differential adaptation was however demonstrated in vivo from the cephalic, peripheral and 

caudal haemodynamic response to the α1-adrenoceptor agonist methoxamine.  In addition to a 

decreased pressor response (Figure 3-2C) similar to that previously reported following HDT 

(Sangha et al., 2000), the vasoconstrictor response to methoxamine increased in the cerebral 

(cephalic) vascular bed, but decreased in the caudal vasculature (Figure 3-2A&B).  These 

findings allow the hypothesis associated with research objective A to be accepted, and for the 

first time demonstrate differential adaptation of α1-adrenoceptor-mediated vasoconstriction of 

cephalic and caudal vascular beds in vivo, in accordance with what might be predicted from 

previous in vitro studies (Delp et al., 1993; Sangha et al., 2000; Zhang, 2001).  Perhaps not 

surprisingly, functional adaptation of β2-mediated vasodilatation was not observed in vivo 

following HDT (Figure 3-3), in agreement with previous in vitro findings suggesting that 

adaptation of vascular α1-adrenoceptors was not associated with any corresponding changes to 

vasodilator responses to catecholamines (Fadiukova et al., 2005; Ma et al., 1998b; McCurdy et 

al., 2000). 

 The nature of differential adaptation of α1-adrenoceptor function following HDT was 

investigated further by assessing vasoconstrictor responses and α1-adrenoceptor reserve in 

isolated carotid, mesenteric and iliac arteries in vitro.  Maximal contractions to methoxamine 

were attenuated in carotid and mesenteric arteries, but not iliac arteries, isolated from HDT rats 

compared to control (Figure 3-11).  These differences were associated with a decrease in α1-

adrenoceptor reserve in carotid arteries, but not mesenteric (Figure 3-12; Table 3-4).  These 

findings are in partial agreement with previous studies reporting reduced α1-adrenoceptor-

mediated contraction of various conduit (carotid/mesenteric/femoral) arteries following HDT 
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(Delp et al., 1993; Purdy et al., 1997; Sangha et al., 1999), and are the first to demonstrate that 

such differences may be associated with decreases in α1-adrenoceptor reserve. However, while 

α1-adrenoceptor reserve was reduced in isolated carotid arteries following HDT, a significant 

degree of receptor reserve (6.4±1.7) was still observed (Table 3-4), meaning that the same Emax 

observed in control animals should have been attainable (Furchgott, 1966; Purdy & Stupecky, 

1984).  The significance of any observed differences in receptor reserve between control and 

experimental animals may be understood from the concept that efficacy (E; defined by 

Stephenson as a measure of the capacity of an agonist to initiate a response) is related to the 

intrinsic efficacy of an agonist (e) and the total concentration of active receptors (Rt) by equation 

9 (Stephenson, 1956): 

     E = e•Rt      (Eq.9) 

 

The research presented above regarding α1-adrenoceptor reserve employs the same method as 

described by Purdy and Stupecky (Purdy & Stupecky, 1984), where ‘receptor reserve’ and 

‘efficacy’ are considered interchangeable (functionally defined as the reciprocal of the fraction 

of receptors occupied by agonist at EC50).  While this method cannot distinguish between 

changes e and Rt, it is apparent that changes in receptor reserve – depending on the magnitude of 

such change – can have significant effects on α1-adrenoceptor-mediated contractile function.  

Further investigation into the nature of the changes in α1-adrenoceptor function (for example 

measuring receptor density via a radioligand binding assay) will certainly aid interpretation of 

the functional data obtained from this study. 

The in vitro findings regarding α1-adrenoceptor function (i.e. decreased constriction of 

isolated carotid artery rings) following simulated microgravity are obviously in contrast with the 

above in vivo observation of increased vasoconstriction in the cephalic arterial bed following 
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HDT.  This disparity may potentially reflect differences in adaptation between conduit arteries 

such as the common carotid and smaller, more distal arteries and arterioles that may play a 

larger role in regulation of vascular resistance in the cerebral circulation, such as the basilar and 

middle cerebral arteries (Faraci, 1990).  In this regard, further functional in vitro studies are 

warranted, perhaps employing wire or pressure myography techniques to determine whether α1-

adrenoceptor function and/or receptor reserve are altered in such vessels.  Together with the use 

of radioligand binding/western blotting to quantify receptor expression and density, these 

studies would uncover whether the observed differential response to methoxamine in vivo truly 

reflects changes in α1-adrenoceptor reserve or alterations in the balance between vasoconstrictor 

stimuli and/or responsiveness and vasodilator stimuli and/or responsiveness. 

4.1.2 Differential adaptation to HDT is associated with functional changes to the L-

arginine/nitric oxide pathway  

Following demonstration of differential functional adaptation to HDT in vivo, the effects of 

various pharmacological agents known to interact with the L-arginine/nitric oxide pathway were 

investigated to determine if changes in the contribution of this pathway to vascular tone 

represents a potential mechanism for such adaptation.  In vivo acetylcholine-induced 

endothelium-dependent vasodilatation was decreased in the cephalic vasculature, but increased 

in the peripheral and caudal vascular beds following HDT (Figure 3-4).  Furthermore, in vivo 

endothelium-independent vasodilatation was unaltered in the same vascular beds, demonstrated 

by a lack of significant difference in the haemodynamic response to both salbutamol (in the 

presence of L-NAME; Figure 3-3) and SNP (Figure 3-5) between HDT and control groups.  The 

effects of HDT on Ccarotid with acetylcholine and SNP are in agreement with a corresponding in 

vitro study by Prisby et al. (2006) demonstrating impaired endothelium-dependent 

vasodilatation of middle cerebral arteries from 14 day HDT rats, but no effect on endothelium-
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independent vasodilatation to SNP (Prisby et al., 2006).  Acetylcholine can produce 

vasodilatation through several pathways other than nitric oxide release, including stimulating the 

release of EDHF and PGI2 (Feletou & Vanhoutte, 1996; Rubanyi, 1991).  As changes in both 

these pathways have been demonstrated following HDT (Eatman et al., 2003a; Prisby et al., 

2006), inhibition of nitric oxide synthesis was utilised as a method for selectively investigating 

changes in the L-arginine/nitric oxide pathway in the aforementioned differential functional 

adaptation.  Non-selective NOS inhibition using L-NAME (Figure 3-6) revealed that nitric 

oxide synthesis is differentially altered following exposure to HDT, with a decreased 

contribution of NOS to vascular tone in the cephalic vasculature accompanied by an increased 

contribution in peripheral and caudal vascular beds.  Furthermore, the lack of response to the 

selective iNOS inhibitor 1400W (Figure 3-7) suggests that the observed differential adaptation 

of NOS following HDT is not associated with induction of iNOS. 

Together, these data allow acceptance of the hypothesis associated with research 

objective B, demonstrating differential functional adaptation of the contribution of nitric oxide 

to vascular tone in cephalic versus peripheral/caudal vascular beds.  Furthermore, the 

haemodynamic responses observed following administration of L-NAME, but not 1400W, 

suggest that increased synthesis of nitric oxide via either eNOS and/or nNOS likely underlies 

such adaptation.  Decreased and increased vasodilator tone from the L-arginine/nitric oxide 

pathway in cephalic and peripheral/caudal vascular beds, respectively, provides a potential 

explanation for the discrepancy between in vitro and in vivo responses to methoxamine 

following HDT discussed above.  Nitric oxide produced by eNOS contributes to the regulation 

of vascular tone by providing vasodilator stimuli, the proportion of this contribution varying 

between the location and size of artery (Busse et al., 2000; Preckel et al., 1996; Rees et al., 

1989).  A reduction in the contribution of eNOS to cephalic vascular tone (as observed from the 
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decreased response of Ccarotid to acetylcholine and L-NAME) following simulated microgravity 

would likely result in an increased response to vasoconstrictor stimuli, as observed from the 

Ccarotid response to methoxamine in HDT rats.   

Likewise, in the peripheral vasculature (such as the hind limb vascular bed) increases in 

eNOS-mediated vasodilator tone (as suggested by the increased Ciliac response to acetylcholine 

and L-NAME) would likely result in impaired responses to vasoconstrictor stimuli, as observed 

from the Ciliac response to methoxamine in HDT rats.  The increased pressor response to L-

NAME and increased depressor response to acetylcholine following HDT suggest that the total 

peripheral vasculature adapts to simulated microgravity in similar fashion to the hind limb 

vasculature i.e. increased contribution of eNOS to vascular tone. 

As discussed in the Introduction, previous studies involving determination of the 

expression of iNOS mRNA and use of ‘selective’ inhibitors of iNOS (aminoguanidine/AMT) 

have suggested that induction of iNOS may account for the observed alterations in the L-

arginine/nitric oxide pathway as a potential mechanism underlying the arterial adaptation to 

microgravity (Eatman et al., 2003b; Sangha et al., 2000; Vaziri et al., 2000).  The results from 

such studies are not in agreement with the present findings discussed above from the use of the 

highly selective iNOS inhibitor 1400W.  As previously mentioned, the loss of selectivity for 

iNOS exhibited by both aminoguanidine and AMT when used in vivo (Garvey et al., 1997; 

Laszlo et al., 1995) limit their use in integrative pharmacological research.  In contrast, 1400W - 

even when administered at doses (0.2- 20 µmol/kg) up to five-fold greater than that reported as 

sufficient (4 µmol/kg) to completely reverse the iNOS-mediated vascular effects in an in vivo rat 

model of LPS-induced endotoxaemia (Garvey et al., 1997) - produced no observable effects on 

cephalic, peripheral or caudal vascular tone in control or HDT animals, as might be expected 
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from the negligible role iNOS is thought to play in the regulation of vascular tone under normal 

conditions (Busse et al., 2000; Kadowitz & McNamara, 2000; Moncada & Higgs, 2006). 

4.1.3 Differential adaptation of L-arginine/nitric oxide pathway is associated with 

changes in regulation of eNOS activity 

  The differential adaptation of the L-arginine/nitric oxide pathway suggested by the in 

vivo findings above may be a result of one or more changes to several aspects of the pathway, 

including altered levels of NOS enzyme expression, NOS enzyme activity, rate of removal of 

nitric oxide and the pharmacodynamics of sGC activation (Busse et al., 2000; Moncada & 

Higgs, 2006).  Biochemical measurements of eNOS and iNOS protein expression levels (Figure 

3-15 & Figure 3-16) suggest that total levels of enzyme expression of either isoform remain 

unchanged in carotid, mesenteric and iliac arteries following HDT.  Therefore, the observation 

that acetylcholine-induced nitric oxide production from isolated carotid arteries (Figure 3-13) is 

decreased following HDT likely reflects alterations in NOS activity in these vessels.  Moreover, 

the lack of effect of 1400W on in vitro nitric oxide production further suggests that eNOS - not 

iNOS - is responsible for the observed differences between control and HDT rats.  Interestingly, 

no difference in nitric oxide production in vitro between HDT and control rats was observed in 

isolated iliac arteries.  This may reflect differences between the cephalic and caudal vascular 

beds with regards to the order/size of artery that is involved in the functional adaptation to HDT, 

as the in vivo conductance measurements represent the total vascular tone of the beds distal to 

the location where flow is being measured.  Together, these findings are in contrast to both our 

hypothesis (Section 1.3.2B) proposing that changes in NOS expression are responsible for 

differential adaptation of the L-arginine/nitric oxide pathway to simulated microgravity, and 

previous findings suggesting that downregulation of eNOS contributes to enhanced 

vasoconstriction of isolated middle cerebral arteries (Wilkerson et al., 2005). 
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 An extension of the hypothesis regarding the level at which the L-arginine/nitric oxide 

pathway is altered in response to HDT was that the observed effects on the peripheral 

vasculature (i.e. increased pressor response to L-NAME and depressor response to 

acetylcholine) were not due to changes in the pharmacokinetic or pharmacodynamic half-lives 

of nitric oxide (reflecting the rate of removal of nitric oxide from the circulation and duration of 

action on cellular effector mechanisms, respectively).  Using the non-enzymatic nitric oxide 

donor, SNP, simultaneous measurement of MAP and real-time amperometric measurement of 

plasma nitric oxide concentration demonstrated no difference in the pharmacokinetic or 

pharmacodynamic half life.  In summary, evaluation of potential changes in the L-arginine/nitric 

oxide pathway that may account for differential adaptation following simulated microgravity 

suggest a possible role for regional variations in the regulation of eNOS activity. 

As discussed in the Introduction, eNOS activity is considered to be primarily regulated 

not through changes in protein expression levels, but through post-translational modification 

(through myristoylation/palmitoylation) leading to altered trafficking to and interaction with 

caveolae (Busconi & Michel, 1993; Garcia-Cardena et al., 1996; Liu et al., 1995).  From the 

above findings suggesting alterations in eNOS activity may contribute to differential adaptation 

following HDT, further investigation into how the various mechanisms regulating eNOS activity 

may be altered are necessary.  One mechanism of eNOS regulation has been previously 

investigated in the HDT model; expression of the scaffolding protein caveolin-1 was found to be 

decreased in middle cerebral arteries following 14 days of HDT (Prisby et al., 2006).  Caveolin-

1, in addition to being a key structural element and primary marker of caveolae in vascular 

smooth muscle and endothelial cells, binds to and negatively modulates eNOS in a competitive 

manner with calcium-bound calmodulin (Cohen et al., 2004).  It is therefore surprising that 

caveolin-1 expression was found to be down-regulated following HDT, as this is 
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counterintuitive to the findings from this thesis and previous studies suggesting decreased nitric 

oxide synthesis in the cerebrovasculature (Wilkerson et al., 2005).  A potential explanation 

offered by Prisby and colleagues is that the biology of caveolin-1 is more complex than simply 

providing structure to caveolae and inhibition of eNOS.  Indeed, caveolin-1 has been shown to 

play a regulatory role in the contractility of vascular smooth muscle cells (Je et al., 2004), and in 

smooth muscle proliferation (Peterson et al., 2003).  Such a role for caveolin-1 in smooth 

muscle proliferation may represent a possible mechanism by which the differential structural 

adaptation discussed in the Introduction occurs. 

4.1.4 Possible future research directions related to the L-arginine/nitric oxide pathway 

 The research presented in this thesis represents what is considered by the author to be a 

valuable contribution to the understanding of changes in the L-arginine/nitric oxide pathway as 

a possible mechanism underlying differential arterial adaptation to simulated microgravity.  

However, as with most (if not all) doctoral theses, it is by no means considered exhaustive.  

Over the course of the project – including the preparation of this thesis – numerous potential 

avenues for future studies were identified.  To add further relevance to the findings discussed 

thus far, such areas for possible expansion are worth considering.  Changes in the regulation of 

NOS activity between cephalic and peripheral/caudal vascular beds is proposed as a mechanism 

for differential functional adaptation to simulated microgravity.  While the major pathway of 

such regulation have been discussed, and even investigated following HDT in previous studies 

(Prisby et al., 2006), several other, more subtle influences on eNOS activity warrant further 

study. 

 Substrate (L-arginine) and co-factor (flavin mononucleotide; flavin adenine dinucleotide; 

tetrahydrobiopterin) availability, while obviously being a major component of the capacity to 

produce nitric oxide are not usually considered primary determinants of eNOS activity due to 



 
111 

the fact that they are usually found in vast excess.  For example, normal physiological 

intracellular concentrations of L-arginine have been found to be sufficient for complete 

saturation of eNOS substrate binding (Moncada et al., 1989; Su et al., 1997).  However, more 

recently the importance of extracellular L-arginine concentrations has been suggested for 

‘optimal synthesis by eNOS and iNOS in the rat mesenteric artery’ (MacKenzie & Wadsworth, 

2003), meaning that plasma L-arginine concentrations may well play a part in the regulation of 

eNOS activity and therefore deserves attention in the context of vascular adaptation following 

HDT.  Furthermore, studies in mice genetically modified to over-express eNOS have suggested 

that tetrahydrobiopterin availability may play a more important role in the regulation of NOS 

activity than earlier studies indicated (Bendall et al., 2005). 

 The discovery of asymmetrical dimethylarginine (ADMA) as an endogenous inhibitor of 

NOS in the early 1990s added yet another mechanism by which eNOS activity is known to be 

regulated (Kimoto et al., 1993; MacAllister et al., 1994; Vallance et al., 1992).  Based on the 

measurement of relatively high concentrations of ADMA in brain tissue (Kimoto et al., 1993; 

Kotani et al., 1992) and the demonstration that it constricts cerebral arteries and can inhibit 

agonist-mediated vasodilatation in vivo, (Faraci et al., 1995), a role for ADMA in the regulation 

of cerebral eNOS activity, and therefore cerebrovascular tone has been proposed.  Therefore, in 

light of the observed changes in the L-arginine/nitric oxide pathway following HDT, 

investigation into how ADMA expression and function may be altered by simulated 

microgravity is considered necessary. 

While the focus of this thesis has been adaptation of the arterial system in response to 

simulated microgravity, as mentioned in the Introduction section, adaptation of the venous 

system has been previously observed in response to both simulated and actual microgravity 

(Dunbar et al., 2000; Kirsch et al., 1984; Sayet et al., 1995).  Similar to the adaptations observed 
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in the arterial system discussed above, attenuated α-adrenoceptor-mediated decreases in venous 

compliance and venoconstriction of the vena cava and mesenteric small veins has been observed 

in rats following periods of HDT (Dunbar et al., 2000; Dunbar et al., 2001; Sayet et al., 1995).  

Given that the L-arginine/nitric oxide pathway has been demonstrated to play a role in 

regulating venous tone in both humans and laboratory rodents (Blackman et al., 2000; Glick et 

al., 1993), investigation into potential changes in this pathway in the venous system in response 

to microgravity exposure are warranted.  

 The role of nNOS in the local control of vascular tone has long been considered 

negligible (Busse et al., 2000; Moncada & Higgs, 2006), and presumably for this reason has 

received little attention in the area of arterial adaptation to microgravity.  Whether this reflects a 

true deficit in attention from the scientific community involved in such research, or merely the 

convention of not publishing negative or ‘neutral’ findings is unclear.  However, studies 

investigating nitric oxide mediated cerebral vasodilatation suggest nNOS plays a significant role 

in regulating vascular tone in discrete areas of the brain in response to hypoxia and volatile 

anaesthetics (Bauser-Heaton & Bohlen, 2007; Staunton et al., 2000).  Furthermore, and of 

particular relevance to this thesis, cerebral autoregulatory vasodilatation in response to 

hypotension is also thought to have a significant nNOS component (Bauser-Heaton & Bohlen, 

2007). 

 As mentioned previously, other endothelium-derived vasodilator mediators have been 

implicated in the adaptation to HDT (Eatman et al., 2003a; Prisby et al., 2006; Sangha et al., 

2001).  While some evidence exists suggesting changes in the contribution of PGI2 to vascular 

tone following HDT, other studies have failed to find any differences in prostanoid-mediated 

vasodilatation (Schrage et al., 2000).  As discussed previously, EDHF is know to play a 

significant role in endothelium-dependent vasodilatation in the cerebral circulation, and it is 
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therefore surprising that this mediator has not received more attention from researchers in the 

microgravity area.  At the time of writing, only one paper in the literature specifically addresses 

this pathway in the HDT model, demonstrating that EDHF-mediated vasodilatation of isolated 

rat middle cerebral artery is enhanced following 14 days of simulated microgravity (Prisby et 

al., 2006).  As 14 days of HDT is associated with a simultaneous decrease in NOS-mediated 

vasodilatation of middle cerebral arteries in the same study, Prisby and colleagues offer the 

hypothesis that EDHF upregulation is a compensatory response to the reduction in the 

contribution of nitric oxide to cerebrovascular tone.  Indeed, such compensation between nitric 

oxide and EDHF has been observed in models of other pathological states, including reperfusion 

injury in stroke (Marrelli et al., 1999) and severe traumatic brain injury (Golding et al., 1998), 

implying that the relative balance between nitric oxide and EDHF in the control of vascular tone 

is of vital importance to normal function in the cerebral vasculature. 

As described in the Introduction, one of the intracellular mechanisms by which nitric 

oxide can produce relaxation of vascular smooth muscle is via a direct interaction with Ca2+-

dependent K+ channels (Bolotina et al., 1994; Robertson et al., 1993).  To date only two studies 

have investigated the effect of simulated microgravity on smooth muscle K+ channel function.  

Following 1 and 4 weeks of HDT, electrophysiological measurements performed by Fu and 

colleagues demonstrated a more depolarised membrane potential in isolated myocytes from 

middle cerebral arteries, which was associated with decreased K+ current densities (Fu et al., 

2004b).  Interestingly, the opposite (i.e. more hyperpolarised membrane potential associated 

with increased K+ current densities) was found in isolated mesenteric artery myocytes.  A 

further study from the same laboratory investigated which K+ channel subtypes were responsible 

for the observed electrophysiological changes following 4 weeks of HDT (Xie et al., 2005).  

The decreases in current densities in cerebrovascular myocytes observed in the previous study 
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were attributed to functional alterations (decreases) in voltage-gated K+ channels, but not to 

changes in large conductance K+ channels.  Together, these data demonstrate that functional 

adaptation  of the control of vascular smooth muscle cell membrane potential by K+ channels 

may be differentially altered by exposure to microgravity.  Further investigations into such 

adaptations and how they may affect the vascular L-arginine/nitric oxide pathway (including the 

use of subtype-selective K+ channel blockers in vivo) are certainly justified. 

 Recently, an alternative theory has been proposed by Delp and co-workers to explain 

differential adaptation following exposure to microgravity (Colleran et al., 2008).  They suggest 

that local arterial responses to differences in transmural pressure exerted on the vasculature 

along the cephalocaudal axis may not be the primary mechanism by which vasoconstriction is 

increased/decreased, a concept suggested in several previous studies but largely ignored by the 

scientific community until recently (Overton et al., 1989).  Based on the repeated observation 

(both in their laboratory and others) that mesenteric artery contractile function is diminished 

following microgravity (despite being located at the level of the hydrostatic indifference point), 

a potential role for a circulating factor(s) has been suggested.  Plasma concentrations of ANP 

and NH2-terminal prohormone brain natriuretic peptide (BNP) have been observed to be 

increased following 14 days of HDT, leading to the authors’ suggestion of ANP and BNP as 

candidates for such deconditioning circulating factors.  In the same study, the demonstration that 

pre-incubation with either ANP or BNP was able to diminish contractile responses of isolated 

small mesenteric arteries and veins further supports this theory.  Further investigation into 

potential cellular mechanisms underlying such deconditioning in mesenteric arteries by the same 

group suggests that decreased Ca2+-induced Ca2+-release as a result of decreased ryanodine 2 

receptor protein expression may play an important role (Behnke et al., 2008).  While these novel 

theories require further investigation, they may explain why the systemic circulation largely 
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exhibits impaired vasoconstriction to catecholamines, while the cerebrovasculature - protected 

from circulating hormones by the blood brain barrier – is not subject to deconditioning, and can 

even show enhanced vasoconstriction.  

4.2 SIGNIFICANCE OF FINDINGS 

4.2.1 Implications for potential countermeasures 

The findings from the research presented in this thesis provide evidence for a potential 

mechanism underlying differential arterial adaptation to microgravity involving altered eNOS 

activity.  An increased contribution to peripheral and/or lower limb vascular tone by eNOS 

would potentially further impair the already compromised ability to raise TPR in response to 

orthostatic stress following spaceflight or HDBR, exacerbating any observed orthostatic 

hypotension.  Moreover, decreased eNOS activity in the cerebral vasculature may result in 

inadequate cerebral autoregulatory vasodilatation in response to such hypotension, thereby 

compromising cerebral perfusion.  Because of this bidirectional adaptation in the contribution of 

eNOS to vascular tone, pharmacological intervention with a selective inhibitor of eNOS may not 

necessarily be effective in the prevention of orthostatic intolerance following spaceflight; any 

benefit imparted from raising TPR or increasing venous return (and therefore cardiac output) 

could be outweighed by further impairment of cerebral autoregulatory vasodilatation. 

This scenario may arise assuming that the eNOS isoform responsible for adaptation was 

the same in the cerebral and peripheral vasculature.  Until recently, very little evidence existed 

suggesting discrete subpopulations of eNOS.  This is in contrast to nNOS, for which four 

distinct splice variants have been identified in several tissues (Alderton et al., 2001; Wang et al., 

1999).  While three different splice variants of eNOS have recently been identified (Lorenz et 

al., 2007), their role in the regulation of vascular eNOS activity is unknown, and splice variant-
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specific inhibitors are yet to be developed.  In light of the relatively few number of selective 

inhibitors of eNOS identified/developed to date, selective pharmacological modulation of 

cephalic and peripheral eNOS is currently not possible (Alderton et al., 2001). 

 Non-pharmacological countermeasures that have demonstrated some degree of 

effectiveness - while presumably not having selective effects on cephalic vs. caudal eNOS - act 

via reversal of the cephalad fluid shift and restoration of the normal hydrostatic pressure 

gradient exerted on the arterial vasculature along the cephalocaudal axis (Convertino, 2002; 

Watenpaugh & Hargens, 1996; Watenpaugh et al., 2007).  As discussed in the introduction, 

various methods for restoring the hydrostatic pressure gradient have been demonstrated 

(including centrifugation, exercise, and use of LBNP), the main limitation currently being the 

size/weight of apparatus required and the long duration of such countermeasures (Clement & 

Pavy-Le Traon, 2004; Convertino, 2005; Sun et al., 2002; Watenpaugh et al., 2007; Zhang et 

al., 2003). 

 While no direct implications for pharmacological countermeasures arise from the work 

presented in this thesis, increased knowledge of the physiological effects of simulated or actual 

microgravity could potentially result in successful future countermeasures.  Moreover, the 

adaptations of individual physiological systems are not thought to occur independently of each 

other (Nicogossian et al., 1994; Watenpaugh & Hargens, 1996), so increased understanding of 

the adaptation of one system may facilitate the development of a countermeasure for another.  

For example, adaptation of cephalic (i.e. above the level of the heart) parts of the skeletal system 

may occur through changes in cranial pressure and/or other haemodynamic factors (Oganov et 

al., 1992; Roer & Dillaman, 1990).  This implies that pharmacological prevention/treatment of 

such changes may be beneficial to both cardiovascular and skeletal components.  Furthermore, 

some researchers have proposed that one common countermeasure for all physiological 
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adaptations to microgravity may be possible, such is the degree of inter-relativity between such 

adaptations (Convertino, 2005; Zhang, 2001). 

4.2.2 Development of novel techniques 

 In addition to the novel findings relating to differential functional adaptation of the L-

arginine/nitric oxide pathway following simulated microgravity, this thesis utilizes several new 

methods/novel applications of existing techniques for integrative cardiovascular research. 

 Following the previous in vitro observations of differential adaptation in response to 

HDT (discussed at length in the Introduction), corresponding in vivo measurements pertaining 

to the regulation of tone in vascular beds at either end of the cephalocaudal axis were considered 

of critical importance for this research project.  As mentioned previously, the literature relating 

to in vivo investigation of cardiovascular adaptation to microgravity is sparse; reports of 

simultaneous measurements of blood flow/tissue perfusion in multiple vascular beds following 

HDT are even rarer.  Wilkerson and colleagues utilized radiolabeled microsphere tracers and 

quantitative autoradiography to demonstrate higher basal vascular resistance and lower blood 

flow (during head up tilt) in 21 out of 38 discrete regions of the brain in HDT rats compared 

with controls (Wilkerson et al., 2005).  While this technique provides a high degree of spatial 

resolution, the number of repeated measures in the same animal is limited by the number of 

differently radiolabeled microspheres that can be measured by quantitative autoradiography 

(typically 3 or 4), meaning that robust analysis of the dose-response relationships of vasoactive 

drugs – a powerful tool for investigating changes in physiological function – is not possible. 

 Real-time, continuous measurement of flow to a vascular bed may be achieved through 

the use of ultrasonic flowmetry of the conduit vessel supplying the bed of interest.  In the case 

of the hind limb circulation, the common iliac artery may be used for this purpose, and together 

with simultaneous measurement of systemic arterial pressure has been used as an index of hind 
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limb vascular resistance/conductance (Miki et al., 2004; Ruble et al., 2002).  Measurement of 

total cerebral vascular resistance using this method is generally not feasible however, as 

simultaneous measurement of flow through both carotid and vertebral arteries would be 

necessary.  As an alternative, common carotid artery flow, as an index of cerebral blood flow, 

has been successfully utilized for the measurement of cerebral vascular resistance/conductance 

(Bailliart et al., 1993; Blanco et al., 1997).  Very few studies (if any) have combined ultrasonic 

measurements of cerebral and hind limb (certainly in the area of cardiovascular adaptation to 

microgravity) despite the validation of this method for predicting orthostatic intolerance in 

response to LBNP in humans (Tobal et al., 2001).  As demonstrated in the findings of this 

thesis, measurements of Ccarotid and Ciliac provide suitable indices for cerebral and hind limb 

vascular tone, and their relatively straightforward use (compared to ‘cranial window’ techniques 

for example) makes them a valuable tool for in vivo research into differential arterial adaptation 

following simulated microgravity. 

 Until fairly recently, the real-time measurement of circulating plasma nitric oxide 

concentrations has been largely under-utilized in vascular nitric oxide research, primarily due to 

the extensive technical difficulties associated with earlier nitric oxide sensors, and a lack of 

commercially available alternatives.  During the last five years, at least three different 

commercial sources of more robust, reliable nitric oxide sensors have been introduced to the 

scientific community.  Despite this, in vivo measurements of nitric oxide still remain technically 

challenging, reflected by the extremely small percentage of the total literature relating to 

vascular nitric oxide constituted by in vivo measurements.  Of the handful of laboratories in the 

world performing such measurements, Mochizuki and colleagues have arguably been the most 

successful, demonstrating measurement of nitric oxide in rats and dogs, in response to both 

nitric oxide donors and stimulators of endothelial nitric oxide production (Mochizuki et al., 
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2002; Mochizuki et al., 2003).  Based on such experiments it was considered that application of 

this technique to the research described in this thesis would provide invaluable data regarding 

systemic nitric oxide handling following HDT.  The high temporal resolution of amperometric 

nitric oxide measurements compared with classical methods of NO measurement (such as the 

Griess reaction) allows quantification of the rate of removal of nitric oxide from plasma.  

Calculation of the decay time constant for the decline in blood nitric oxide concentration (from 

steady state) upon cessation of a SNP infusion is proposed as an index of the activity of total 

NO removal pathways.  To our knowledge, this technique has been previously reported as part 

of in vitro studies of NO removal pathways (Hakim et al., 1996), but not as part of in vivo 

studies.  The information such experiments will provide may obviously contribute significantly 

to the understanding of how NO metabolism is affected by simulated microgravity, and has 

further reaching implications for other conditions or diseases where changes in the 

bioavailability of nitric oxide is thought to contribute to their aetiology (Desjardins & Balligand, 

2006; Elmarakby et al., 2003; Price et al., 2000).  

The superior sensitivity (~0.1 nM detection limit) of amperometric nitric oxide detection 

was also exploited in the research discussed in this thesis to measure nitric oxide production 

from isolated artery perfusate.  The custom built apparatus (illustrated in Appendix 2) allowed 

agonists/antagonists to be perfused at different concentrations in order to construct 

concentration-response curves.  Used together with biochemical measurements of NOS protein 

expression, this technique represents a powerful method for investigating the nitric oxide 

producing capacity of isolated arteries in control animals and disease models. 

4.2.3 Relevance to orthostatic intolerance unrelated to microgravity 

Aside from the direct benefit to the small percentage of the population that are exposed 

to microgravity environments for prolonged periods of time, increased understanding of how 
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cardiovascular adaptation may occur will likely provide new opportunities for the development 

of effective countermeasures.  Expanding this knowledge to the wider population, understanding 

to a greater extent the complexity of the cardiovascular system’s response to orthostatic 

challenge will surely be of great benefit to the many individuals suffering from chronic 

orthostatic intolerance; the estimated prevalence is over 500,000 in the U.S., and accounts for 

3% to 5% of emergency room visits and 1% to 3% of hospital admissions (Robertson et al., 

2000; Silverstein et al., 1982).  Indeed, there has been a general shift in the understanding of 

orthostatic intolerance as primarily a result of hypotension.  Ultimately, syncope occurs from 

hypoperfusion of critical areas of the brain, such as the reticular activating system (Franco 

Folino, 2007).  While hypotension reduces the driving force for cerebral perfusion, increasing 

evidence – including from studies following spaceflight – suggests an emerging role for 

dysfunction of cerebral autoregulation as a cause of orthostatic intolerance, particularly when 

pre-syncope/syncope is observed in the absence of marked hypotension, a condition 

increasingly referred to as cerebral syncope (Brignole et al., 2004; Buckey et al., 1996; Franco 

Folino, 2007).  The findings presented in this thesis add further evidence to this hypothesis. 

Nonetheless, it should still be appreciated that orthostatic intolerance following 

spaceflight or HDBR differs from its clinical counterparts by being only transiently present in 

subjects who otherwise have relatively normal cardiovascular and regulatory systems.  

However, when applied to the general population, the same set of basic pathophysiological 

elements should be considered in the analysis of any form of orthostatic intolerance (Blomqvist 

et al., 1994). Therefore a basic understanding of cardiovascular space research can thus also 

lead to a better understanding of this clinical situation and possible help patients with chronic 

orthostatic intolerance. 
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4.3 SUMMARY & CONCLUSIONS 

 In summary, the research described in this thesis was performed to address the overall 

hypothesis that differential adaptation of the vascular L-arginine/nitric oxide pathway occurs in 

arteries in response to simulated microgravity, such that an increased contribution of 

endothelium-derived nitric oxide to vascular tone is observed in the peripheral vasculature 

(caudal to the hydrostatic indifference point), while a decreased contribution of endothelium-

derived nitric oxide to vascular tone is observed in the cerebral vasculature (cephalic to the 

hydrostatic indifference point).  The key findings from this research are that following 14 days 

of simulated microgravity (HDT): 

1. Autoregulatory control of carotid blood flow in vivo in response to lower body negative 

pressure is impaired. 

2. α1-Adrenoceptor-mediated vasoconstriction in vitro is decreased at the level of the common 

carotid artery (potentially due to decreased receptor reserve), yet α1-adrenoceptor-mediated 

vasoconstriction of the carotid vascular bed is increased in vivo. α1-Adrenoceptor-mediated 

vasoconstriction is unchanged at the level of the common iliac artery, but is decreased in the 

iliac vascular bed.  Furthermore, β2-adrenoceptor-mediated vasodilatation in vivo remains 

unaltered. 

3. The vascular response to either stimulation of eNOS with acetylcholine or inhibition of 

eNOS with L-NAME in vivo is decreased in the carotid vascular bed but increased in the 

iliac vascular bed.  Inhibition of iNOS with 1400W has no effect on the cardiovascular 

variables measured. 
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4. The release of NO in response to stimulation with acetylcholine in vitro is decreased in the 

carotid arteries but remains unchanged in iliac arteries.  The decreased response in the 

carotid arteries is not associated with changes in eNOS protein expression. 

5. The in vivo vascular response to exogenously administered nitric oxide (via SNP) remains 

unchanged.  The pharmacokinetic half-life of nitric oxide in the circulation and 

pharmacodynamic response to nitric oxide also remain unchanged. 

In conclusion, the above findings suggest that simulated microgravity produces 

differential changes to the arterial vasculature in according to anatomical region.  Using the 

vascular bed supplied by the common carotid artery to represent the cephalic vasculature and 

the vascular bed supplied by the common iliac artery to represent the caudal vasculature, it 

appears that the balance of vasoconstrictor vs. vasodilator tone is altered such that in the 

cephalic vasculature, vascular tone is increased while in the caudal vasculature, tone is 

decreased.  The findings from this research project suggest that changes in the contribution of 

eNOS to vascular tone in these beds may play a role in these adaptations.  In relation to the 

initial observations regarding the cardiovascular adaptation to simulated or actual microgravity, 

these findings may go some way to explain why that in human studies of orthostatic intolerance 

associated with cardiovascular deconditioning (either in response to space flight or prolonged 

bed rest), pre-syncopal and syncopal symptoms may be observed in the absence of hypotension.  

Inadequate cerebral perfusion due to the adaptation of the cephalic vasculature in response to 

the increased transmural pressure experienced in these vessels during simulated/actual 

microgravity may contribute to this phenomenon. 

Orthostatic intolerance following exposure to simulated or actual microgravity likely has 

several possible mechanisms, including hypovolaemia, carotid-cardiac baroreflex dysfunction, 



 
123 

the inability to raise total peripheral resistance and impaired cerebral autoregulation.  The 

relative contribution of these mechanisms likely varies between individuals, and with different 

durations of microgravity exposure.  This is manifested by the observation that at least three 

different haemodynamic profiles are associated with presyncope/syncope following 

spaceflight/HDBR: that associated with sudden hypotension (suggestive of a vasovagal 

response); following a slow, steady decrease in arterial blood pressure; and that observed in the 

absence of hypotension (Buckey et al., 1996; Pavy-Le Traon et al., 2007; Watenpaugh & 

Hargens, 1996).  The differential adaptation of the L-arginine/nitric oxide pathway 

demonstrated by the findings described in this thesis, if the occur in humans, could account for 

the inability to raise total peripheral resistance and impaired cerebral autoregulation. 
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APPENDICES 

APPENDIX 1 – UBC ANIMALS CARE PROTOCOL APPROVAL CERTIFICATE 
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APPENDIX 2 – DIAGRAM OF CUSTOM-BUILT APPARATUS FOR MEASUREMENT OF 

NITRIC OXIDE CONCENTRATION IN ISOLATED ARTERY PERFUSATE 

 

 

 

 

 

 

 




