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Abstract 

Introduction: Nitric oxide (NO) is an integral molecule implicated in the control of vascular 

function.  It has been suggested that vascular dysfunction may lead to the development of 

acute mountain sickness (AMS), high-altitude cerebral oedema (HACE) and high-altitude 

pulmonary oedema (HAPE), though data to date remains scarce.  Therefore, there is a clear 

need for further work to address the role of NO in the pathogenesis of high-altitude illness. 

 

Aims: There were two primary aims of the current work: (1) To examine whether hypoxia 

mediated changes in systemic NO metabolism are related to the development of AMS and 

sub-clinical pulmonary oedema and (2) to examine whether hypoxia mediated changes in the 

trans-cerebral exchange kinetics of NO metabolites are related to the development of AMS 

and headache.  

 

Hypothesis: We hypothesise that hypoxia will be associated with an increase in reactive 

oxygen species (ROS) formation, resulting in a decrease in vascular NO bioavailability (O2
•- 

+ NO → ONOO•-, k = 109 M.s-1).  The reduction in NO will lead to vascular dysfunction and 

impaired oxygen (O2) delivery.  Subsequent hypoxaemia will result in pulmonary vascular 

vasoconstriction and the development of sub-clinical pulmonary oedema within and mild 

brain swelling.  Symptoms and reductions in NO bioavailability will be more pronounced in 

those who develop AMS since they are typically more hypoxaemic.  Alternatively, a hypoxia 

mediated increase in NO, during vasodilatation, specifically across the cerebral circulation, 

may activate the trigminovascular system resulting in headache and by consequence, AMS.   

 

Methods: Study 1 – AMS symptoms, systemic venous NO concentration and nasal potential 

difference (NPD), used as a surrogate biomarker of extravascular lung oedema, were 

quantified in normoxia, after a 6hr passive exposure to 12% oxygen (O2) and immediately 

following a hypoxic maximal exercise challenge (≈6.5 hrs).  Final measurements were 
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obtained two hours into (hypoxic) recovery.  Study 2 – AMS, radial arterial and internal 

jugular venous NO metabolite concentrations and global cerebral blood flow (CBF), using 

the Kety-Schmidt technique, were assessed in normoxia and after a 9hr passive exposure to 

12.9% O2.  AMS was diagnosed if subjects presented with a combined Lake Louise score of 

≥5 points and an Environmental Symptoms Questionnaire – Cerebral score of ≥0.7 points. 

 

Results: Hypoxia was associated with a reduction in total plasma NO, primarily due to a 

reduction in nitrate (NO3
•) and a compensatory increase in red blood cell (RBC)-bound NO 

(P < 0.05 vs. normoxia) in both studies.  Study 1 – Exercise reduced plasma nitrite (NO2
•) (P 

< 0.05 vs. normoxia) whereas RBC-bound NO did not change.  NO was not different in those 

who developed AMS (AMS+) compared to those who remained comparatively more healthy 

(AMS-) (P < 0.05).  NPD was not affected by hypoxia or exercise and was not different 

between AMS+ and AMS- (P > 0.05).  Study 2 – Hypoxia decreased arterial concentration of 

total plasma NO due primarily to a reduction in NO2
•- and nitrate (NO3

•-).  Hypoxia did not 

alter the cerebral metabolism of RSNO, whereas the formation of RBC-bound NO increased. 

 

Discussion: These findings suggest that alterations in systemic or trans-cerebral NO 

metabolism are not implicated in the pathophysiology of AMS or sub-clinical pulmonary 

oedema.  However, hypoxia was associated with an overall reduction in the total NO pool 

(NOx), whereas, selected alterations in more vasoactive NO metabolites were observed.  

Reductions in the partial pressure of O2 (pO2) were thought to be a key regulator in these 

changes.  Overall net increases in RBC NO and corresponding reductions in plasma NO2
• in 

the face of no alterations in NOx indicates that rather than being simply consumed, NO is re-

apportioned to other NO metabolites and this may be implicated in the pathophysiology of 

AMS. 
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Oxygen 
 
Oxygen (O2) was first described in the late 16th century by the Polish alchemist and 

philosopher, Michal Sędziwój (1556-1636).  In the early 1770’s Carl Wilhelm Scheele (1742-

1786), a Swedish pharmacist, made a more quantitative discovery of O2 during his 

experiments that involved the burning of various chemicals but this work was not published 

until 1777 (Severinghaus, 2003).  However, similar work was published in 1775 when the 

English chemist and philosopher, Joseph Priestley (1733-1804) and Frenchman Antoine 

Lavoisier (1743-1794) made an independent discovery of O2 (Priestley, 1775).  The 

discovery of O2 and to whom it should be accredited is still a very contentious issue but it 

was the work by Priestley and Lavoisier which gained the most credit.  Lavoisier named the 

finding “oxygen” and seems to have gained the most credit in its discovery (Severinghaus, 

2003).   

 

Atmospheric air we breathe presently contains relatively stable amounts of O2 (20.93%)  

(Bailey, 2001).  Other major gases within the atmosphere are carbon dioxide (CO2) (0.03%) 

and nitrogen (N2) (79.04%).  Further gases are also present but are in such small quantities 

that they can be classed as “irrelevant” and they are mainly pollutants.  It has not always been 

the case that the atmosphere contains approximately 21% O2.  O2 levels have fluctuated 

greatly throughout the evolution of the planet, ranging from almost nothing approximately 4 

billion years ago, to around 15% at the start of the Cambrian period (≈540million years ago), 

and to much higher concentrations of up to 35% at the end of the Carboniferous period (≈300 

million years ago) (Berner, 1999; Goldblatt et al., 2006) (Figure 1-1).  Approxmitally 2.4 

billion years ago there was a slight increase in atmospheric O2 (Figure 1-1).  This increase is 

believed to have happened because oxygen-evolving photosynthetic organisms, 

predominantly cyanobacteria within the oceans, increased in numbers and produced more O2 
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which then “gassed” out of the oceans.  These O2 producing organisms used water as a 

reductant for photosynthesis; O2 was produced as a by-product of this reaction (Nugent, 

2001; Ananyev et al., 2001).  This process later became known as oxyphotosynthesis.  This 

increase in atmospheric O2 was known as the “oxygen catastrophe” (Bekker et al., 2004; 

Holland, 2006) (Figure 1-1).  Around 300 million years ago there was a relatively large 

increase in atmospheric O2 due to further “gassing” out of the oceans.  These new higher 

levels of O2 were toxic to many of the life forms as they were primarily anaerobic.  The 

evolution of aerobic life forms then began, which today have become the dominate 

organisms.  

 

 

 

 

Figure 1-1 Evolution of O2 in atmospheric air and the oceans (Holland, 2006).  
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Oxygen toxicity 

O2 is essential for cellular respiration and is therefore essential for life.  However, excess O2 

is also harmful to physiological function and life.  High partial pressures of O2 (pO2) as well 

as prolonged periods exposed to a high concentration of O2 at normal pressures can have 

adverse effects on both the central nervous and pulmonary systems (Bostek, 1989; 

Demchenko et al., 2007).   

 

Central nervous system toxicity:  Exposure to high a pO2 will lead to seizures and eventually 

coma and can often occur rapidly and without warning (Bostek, 1989).  Increased O2 levels 

have been linked to an increase in reactive oxygen species (ROS) (Freeman & Crapo, 1981), 

which in turn have potential to cause cell damage by oxidising polyunsaturated fatty acids 

within cell membranes (Halliwell, 1992).  Nervous tissue is particularly susceptible to this 

because of their high lipid content (Halliwell, 1992).  

 

Pulmonary toxicity:  Pulmonary toxicity is caused by being exposed to high concentrations 

of O2 i.e. greater than 21%, for prolonged periods of time (Bostek, 1989).  This results in 

damage and inflammation to both the alveolar epithelium and pulmonary capillary 

endothelium and will eventually cause airway obstruction and pulmonary oedema (Bostek, 

1989).  Pulmonary damage in this setting has previously been attributed to increases in ROS 

(Freeman & Crapo, 1981).  

 

O2 is today the second most abundant component of the air we breathe.  O2 is a very simple, 

colourless, diatomic gas where two oxygen molecules are covalently bonded to each other 

and has the formula O2 (Figure 1-2). 
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 O    O      121 picometers 
Molecular formula: O2 

 
 Figure 1-2 O2 structure.  Two oxygen atoms are covalently bonded together to form a 
oxygen molecule. 
 
 

Oxygen delivery  

O2 needs a way of being transported around the body.  This is achieved by O2 binding with 

the protein haemoglobin (Hb) contained within the red blood cells (RBC).  RBC’s are then 

transported around the body and O2 delivered and to all tissues.  O2 has the ability to bind to 

one of four haem groups contained within Hb.  It is this that enables Hb to transport O2 

around the body.   

 

Oxygen affinity to haemoglobin  

 
The amount of O2 bound to Hb at any particular time is measured as a percentage and is 

termed oxygen saturation (sO2).  The amount of O2 carried by the blood is largely determined 

by the concentration of Hb within the blood and the sO2 is largely dependant on the pO2.  

Therefore, as the pO2 drops, such as that experienced during exposure to high-altitude, during 

exercise and in certain disease states the sO2 and the content of O2 within the blood will 

consequently drop.  This relationship can be viewed as a sigmoidal curve in graphical form 

(Figure 1-3).  Besides pO2 the partial pressure of carbon dioxide (pCO2), the acidity (pH) of 

the blood, a substance called 2,3-Bisphosphoglycerate (BPG) within the RBC and to a certain 

extent the temperature can all effect the affinity of O2 to Hb. 

 

Acidity (pH) – Low pH results in O2 being “driven” off Hb thus, making more O2 available 

for tissues.  This is known as the Bohr Effect and was named after its discovery by Christian 
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Bohr in 1904 (Bohr et al., 1904). It is initiated by hydrogen ions (H+) binding to Hb and 

altering its structure, this results in the release of O2 (Jensen, 2004).  Low pH (acidic, <7.35) 

shifts the O2-Hb association curve to the right, reducing O2-Hb affinity and making more O2 

available to tissue, while high pH (alkaline, >7.45) shifts the curve to the left resulting in 

greater O2-Hb  affinity and reducing O2 tissue availability (Figure 1-3). 

 

Partial pressure of carbon dioxide (pCO2) – CO2 is also able to bind to Hb and the effects 

of increased pCO2 are similar to those associated with increases in pH and H+ (Jensen, 2004).  

H+ increases due to interactions between CO2 and carbonic anhydrase.  This produces 

carbonic acid with dissociates into H+ and bicarbonate (HCO3
−) (Lahiri & Forster, 2003).  

High pCO2 shifts the oxygen-haemoglobin curve to the right while low pCO2 shifts the O2-Hb 

association curve to the left (Figure 1-3). 

 

2,3-Bisphosphoglycerate (BPG) – BPG, formally known as  2,3-diphosphoglycerate (DPG),  

is a phosphate within RBC’s and it reduces the affinity of Hb to O2 and helps release O2 

(Chanutin & Curnish, 1967; Benesch & Benesch, 1967; MacDonald, 1977).  Increases in 

BPG result in the O2-Hb association curve shifting to the right (Figure 1-3). 

 

Temperature – Increases in temperature result in the loss of O2 from Hb, therefore reducing 

the affinity of O2 to Hb and moving the O2-Hb association curve to the right (Zwart et al., 

1984).  Active cells produce metabolic heat and acid and this will cause a release of O2 form 

Hb.  Higher temperatures result in the oxygen-haemoglobin curve shifting to the right (Figure 

1-3). 
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Figure 1-3 Oxygen-haemoglobin association curve.  

 

 

Partial pressure of oxygen 
 
The fraction of inspired O2 (FIO2) in the atmospheric air remains constant at 0.2093 (20.93%) 

and is independent of altitude but barometric pressure decreases with increasing altitude 

(West et al., 1983c).  Because of this, increases in altitude will result in a reduction in the 

partial pressure of inspired O2 (pIO2) and can compromise the delivery of O2 to tissues.  If 

atmospheric barometric pressure is known the pIO2 at a particular altitude can be established 

using the equation below based upon Dalton’s law (Equation 1-1): 

 

pIO2 = (Atmospheric pressure (mmHg) – 47) x FIO2 

Equation 1-1 Where FIO2 is the fraction of inspired gas i.e. 21% and PIO2 is the partial 

pressure of inspired O2, 47 is the saturated water vapour pressure at body temperature. 
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Atmospheric pressure is corrected for the saturated water vapour pressure because by the 

time the air has reached the trachea it has warmed and gained humidity, which will exert its 

own individual pressure.  At body temperature (37oC) this water vapour exerts a pressure of 

approximately 47mmHg (Ward et al., 2000a).  Therefore, at sea level where the standard 

atmospheric pressure is 760mmHg a pIO2 of approximately 149mmHg (corrected) is 

experienced while the ambient pO2 of dry atmospheric air is approximately 159 mmHg 

(uncorrected).  

 

Movement of gases requires a concentration gradient from a higher pressure to a lower 

pressure.  This concentration gradient is progressively diminished at high-altitude and 

severely affects the delivery of O2 as the pIO2 is the driving force behind its movement.  

During its transport from air to cell, O2 has to overcome a number of barriers, which all serve 

to reduce the pO2 at each particular level.  This is known as the “oxygen cascade” (Figure 1-

4).  

 

Oxygen cascade 

Inspired pIO2 to alveolar – This initial drop in pO2 is brought about by a balance of two 

opposing processes.  1) O2 uptake by the pulmonary capillaries and 2) O2 supply by alveolar 

ventilation (New et al., 2005).  As ventilation increases due to hypoxia, the hypoxia mediated 

reduction in pO2 would also be reduced as a consequence of increased ventilation, this is one 

of the most important aspects of high-altitude acclimatisation (West, 1993).  Similar drops in 

pO2 are seen during this stage at an altitude of approximately 4,600 meters and at sea-level 

(Figure 1-4), this is primarily due to acclimatisation and an increase in ventilation.  Under 

normal physiological conditions pO2 within the alveoli is approximately 100mmHg in healthy 

individuals (Bailey et al., 2009b; Richardson et al., 2006).  
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Alveolar to arterial pO2 – As O2 diffuses into the blood it has to cross the alveolar-capillary 

membrane.  This results in a small decrease in pO2 at sea-level of about 5-10mmHg, this is 

slightly smaller at altitude (Figure 1-4).  This gradient is primarily due to 

ventilation/perfusion mismatching (Wagner et al., 1987).  

 

Arterial to mean capillary (mixed venous) pO2 – This penultimate step in the cascade sees 

the largest drop in pO2 and occurs because of the uptake of O2 from capillary blood.  The 

magnitude of this decrease can be influenced by a number of things; from the metabolic rate 

and the cardiac output of the individual to the O2 carrying capability of the blood.  

Acclimatisation to high-altitude aims to offset the effects of reduced pO2 and maintain PaO2 

to as close to the sea-level values as possible. 

 

Mitochondrial pO2 – Until recently it has been very difficult to measure intracellular pO2 

(pICO2), primarily due to technical difficulties.  However, it has recently been established that 

normoxic resting skeletal muscle PICO2 is approximately 34 ± 6 mmHg which is reduced to 

approximately 23 ± 6 mmHg at rest in hypoxia (10% O2) (Richardson et al., 2006) (Figure 1-

4).  PICO2 is reduced further at maximal normoxic exercise to between 3.0 ± 0.7 and 3.8 ± 0.5 

mmHg (Richardson et al., 1995, 1999, 2001) and again further during maximal hypoxic  

exercise (12% O2) to between 2.1 ± 0.2 and 2.3 ± 0.5 mmHg (Richardson et al., 1995, 1999).  

 

Measurement of intracellular pO2 – The measurement of pICO2 is a complicated technique 

and involves the combination of a number of different processes (Richardson et al., 1995, 

1999, 2006).  Studies by Richardson et al., (1995, 1999, 2006) utilised 1H-NMRS proton 

nuclear magnetic resonance spectroscopy (1H-NMRS) at a high field strength (2-4 Tesla) to 
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measure muscle deoxymyoglobin (deoxyMb) and then calculated pO2 from the O2 binding 

curve for myoglobin. 

 

Exercise and the oxygen cascade 

Exercise under hypoxic conditions will serve to augment drops in pO2 compared to those seen 

during exercise in normoxia (Figure 1-4).  The elevated alveolar and arterial pO2 

measurements seen during normoxic exercise compared to normoxic rest can be attributed to 

the increase in ventilation and the greater metabolic demand for O2 during exercise. 

 

Data shows that atmospheric hypoxia and the resultant reduction in pO2 severely affects the 

availability of O2 at high-altitude which is further attenuated by physical activity (West et al., 

1983b; Richardson et al., 1995, 1999).  The magnitude of the reduction in pO2 between the 

various stages of the cascade is reduced in hypoxia.  This may be indicative of a reduced O2 

extraction or an O2 diffusion limitation at high-altitude (West et al., 1983a; Schoene, 2001).  

Reductions in intracellular pO2 may be the underlying feature behind many of the metabolic 

and physiological complications encountered at high-altitude. 
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Figure 1-4 Resting oxygen cascade at sea level and 12% O2 (≈4600meters) (top) and during 

exercise at sea level and 12% O2 (bottom).  Mb, myoglobin.  (Adapted from current work by 

Bailey, DM. & Richardson, RS.  J Clin Invest, (1995)) 
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Standard atmosphere 

It is widely recognised that the relationship between pressure and altitude is temperature 

dependent.  Temperature will differ at different times of year i.e. from season to season, 

during different weather patterns and as a function of the latitude of the particular location.  It 

was therefore necessary to develop a “model atmosphere” to enable mean environmental 

conditions to be established.  Two such models were subsequently developed by the 

International Civil Aviation Organisation (ICAO) (ICAO, 1964) and the National Oceanic & 

Atmospheric Administration (NOAA) United States standard atmosphere (NOAA, 1976).   

 

These standard atmosphere models make the assumptions that sea-level barometric pressure 

(PB) and temperature are constant at 760 mmHg and +15oC respectively and the reduction in 

temperature as altitude increases, referred to as the lapse rate, is 6.5oC per km (West, 1996).  

These values have been set out by the International Civil Aviation Organisation (ICAO).  

However, these conditions rarely exist, especially in high-altitude mountainous regions.  

Model atmospheres were never intended to predict PB for physiological reference but were 

intended for use in the aviation industry.  When model atmospheres are used for the 

prediction of PB at high-altitudes they tend to underestimate actual PB (West, 1996).  It was 

therefore necessary to develop a more physiological relevant model.   

 

A number of different models were subsequently developed for this purpose.  However, these 

models gave a wide range of predicted PB at the same altitude.  A “mean” of the model 

atmospheres was established for a latitude of 15o in all seasons and 30o in winter and predicts 

PB very accurately compared to actual measured PB (±1%)  (Figure 1-5)  (West, 1996).  These 

latitudes were chosen as many of the high-altitude regions of the world are geographically 

located in this region.  The formula is (Equation 1-2): 
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PB = exp (6.63268 – 0.1112 h – 0.00149 h2) (West, 1996) 

Equation 1-2 Model atmosphere equation.  Where h is altitude in km. 
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Figure 1-5 Barometric pressure at high-altitude, predicted using Equation 1-2.  These 

predicted values correlate very closely to the two standard atmospheres (NOAA and ICAO) 

(±1%). 

 

Problems associated with O2 delivery 

Complications with the cardiovascular and pulmonary systems can affect the delivery of O2 to 

tissues resulting in a reduction in pO2 and tissues becoming hypoxic.  Similar situations can 

be observed during exercise and in individuals who ascend to high-altitude for work or 

pleasure purposes.  The demand for O2 combined with the reduction in pO2 can result in a 

decrease in the availability of O2.   
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Athletes & mountaineers 

The demand for O2 is often outmatched by its supply and more intense exercise requires a 

greater O2 supply.  If the physiological systems are unable to meet the O2 demand, tissues 

will become hypoxic.  Under normal circumstances the body is able to maintain pO2 at the 

various stages of the O2 cascade (Figure 1-4) but there may be times of extreme physiological 

stress i.e. during exercise or exposure to high-altitude, where the pO2 is unable to be 

maintained.  High-altitude results in a reduced exercise capacity compared to that achieved at 

sea-level and greater degrees of hypoxaemia are associated with exercise at high-altitude 

(Figure 1-4).  Greater drops in pO2 are seen at altitude and during exercise primarily to an O2 

diffusion limitation (Richardson et al., 1995, 1999). 

 
 

Cardiac, vascular, & pulmonary patients 

These individuals will suffer tissue hypoxia as the physiological systems responsible for the 

extraction and delivery of O2 are not functioning effectively.  Limitations may be caused by a 

number of factors.  Disease, anatomical alterations, and the actual work capacity of the 

systems are the major limiting factors.  Patients suffering atherosclerosis and other vascular 

disorders such as those found in obese individuals and those with type II diabetes could also 

be exposed to some degree of hypoxia as oxygenated blood is unable to effectively reach 

specific parts of the body.  Stroke is another well known clinical condition which is 

associated with hypoxia.  Stroke is caused by a reduction or termination in blood flow to 

certain parts of the brain.  This leads to brain cell destruction.  Stroke is normally caused by a 

blockage of an artery resulting in the lumen becoming narrower and hence reductions in 

blood flow and O2 delivery.   
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The type of hypoxia encountered by these individuals is different to that suffered at high-

altitude or during exercise.  This type of hypoxia is experienced as a direct result of a 

reduction in blood flow, termed ischemia.  This form has hypoxia has the added problem that 

the removal of metabolic waste products and the delivery of nutrients to and from tissue is 

also compromised.  This can lead to further tissue and cell damage and eventually necrosis 

 

Cerebral blood flow 

Cerebral blood flow (CBF) can be affected by hypoxia ultimately leading to alterations in O2 

delivery.  This may have severe physiological consequences as the brain relies heavily on O2 

to function correctly.  If O2 delivery is compromised brain function and further downstream 

physiological functions could also become compromised.  There is substantial evidence that 

CBF initially increases during hypoxic exposure in order to maintain O2 delivery (Kety & 

Schmidt, 1948b; Severinghaus et al., 1966; Poulin et al., 2002; Norcliffe et al., 2005; Xu & 

LaManna, 2006).  However, after more prolonged periods of hypoxia  CBF returns to near 

sea level/normoxic values primarily due to cerebral vascular vasoconstriction associated with 

the hypocapnia encountered at high-altitude as a result of an increase in ventilation (Møller et 

al., 2002; Poulin et al., 2002; Van Osta et al., 2005; Xu & LaManna, 2006; Jansen et al., 

2007; Bailey et al., 2009a).  Alterations in CBF and the maintance of O2 delivery at high-

altitude is achieved through a balance between the vasodilatory effects of hypoxia and 

vasoconstrictive effects of hypocapania (Norcliffe et al., 2005; Xu & LaManna, 2006) while 

cerebral circulation is more sensitive to alterations in the partial pressure of carbon dioxide 

(pCO2) than to changes in pO2 (Poulin et al., 2002). 
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Cerebral oxygenation 

Slight reductions in cerebral oxygenation, examined through the use of near-infrared 

spectroscopy (NIRS), have been observed under normoxic conditions while performing 

maximalexercise; these observations were amplified in hypoxia (Subudhi et al., 2007, 2008, 

2009).  Cerebral oxygenation reductions were minimal up until the point of approximately 

75% of maximum exercise capacity where there was then a greater reduction in cerebral 

oxygenation (Subudhi et al., 2007, 2008, 2009).  Similar trends in cerebral oxygenation have 

also been observed by other groups during hypoxic exercise (Imray et al., 2005).  Recently, it 

has also been shown that a decrease in cerebral oxygenation was associated with a loss of 

hand grip strength in severe hypoxia (10% O2) (Rasmussen et al., 2007) while cerebral 

oxygenation and exercise performance has been shown to improve once the FIO2 increased 

from 10% to 15% O2 (Amann et al., 2006).  These effects of hypoxia on brain oxygenation 

have been viewed as a major determinant of exercise performance (Subudhi et al., 2007) and 

may ultimately be involved in the pathogenesis of high-altitude illnesses.  Cerebral hypoxia 

could initiate a metabolic cascade which is implicated in the pathophysiology of high-altitude 

illness which will be discussed further. 

 

High-altitude acclimatisation 
 
Upon initial exposure to hypoxia, such as that experienced at high-altitudes, the various 

physiological systems will do their best to maintain the availability of O2 and maintain pO2.  

There is an initial increase in minute ventilation (VE) (Schoene et al., 1990; West, 1993) and 

heart rate (HR) (Vogel & Harris, 1967), which aim to offset the reduced availability of O2.  

After more prolonged periods of exposure further physiological adaptations occur, notably 

increases in Hb concentration, alterations in carbon dioxide (CO2) sensitivity and increases in 

capillary density (Figure 1-6).  These adaptations will peak, and then slowly return to near 
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sea-level/normoxic values as sufficient acclimatisation is reached and the body is able to cope 

more efficiently with the reduction in O2 availability.  Figure 1-6 shows a schematic diagram 

of the physiological changes that occur after acute and chronic exposures to high-altitude 

(Ward et al., 2000c). 

 
           
 

 
 
 

Figure 1-6 Acute and chronic cardio-respiratory and haemodynamic responses to high-

altitude (Ward et al., 2000c).  Initial increases in heart rate and ventilation are seen within 

minutes of first exposure, which is followed by alterations in chemo-sensitivity and 

haemodynamic changes.  Notice that rate of change is fast at first but eventually drops off.    
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Nitric oxide (NO) 
 
Robert F. Furchgott discovered that the human vascular endothelium produced a factor that 

lead to relaxation of blood vessels (Furchgott & Zawadzki, 1980).  This factor was first 

known as endothelium-derived relaxing factor (EDRF).  It was not until 1987 that EDRF was 

discovered to be NO (Ignarro et al., 1987; Palmer et al,. 1987).  This work was conducted by 

a group containing Ferid Murad, Robert F. Furchgott and Louis Ignarro, who later in 1998 

received the Noble prize in Medicine and Physiology for their work on NO.  In 1992, a few 

years before the Noble prize was awarded, NO was voted “Molecule of the Year” by Science 

(Koshland, 1992). 

 

NO (Figure 1-7) is a highly reactive soluble gas and powerful endogenous vasodilator that is 

critical in the maintenance of normal vascular function and is generated in the vascular 

endothelium (Ignarro et al., 1987; Palmer et al,. 1987).  NO is a very important biological 

messenger with a number of further biological actions (Moncada et al., 1991).  NO reactivity 

comes from the fact NO is classed as a free radical which means it rapidly interacts with 

other molecules.  The amino acid L-arginine reacts with O2 under the influence of the enzyme 

nitric oxide synthase (NOS) to produce nitric oxide (Leone et al., 1991; Palmer et al., 1988a, 

1988b) (Figure 1-8).  To date there have been three different isoforms of NOS discovered, 

neuronal (nNOS), inducible (iNOS) and endothelial (eNOS) (Stamler & Feelisch, 1996). 

 

                   Molecular formula – NO 

 N   O 
                                                                  115 picometers 
Figure 1- 7  NO structure.  N, Nitrogen; O, oxygen  
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Figure 1-8 RBC & plasma NO metabolism (Dejam et al., Blood, 2005). NO is first generated 

in the endothelium and difuses into the lumen of the blood vessel.  Here it reacts with O2  and 

thiols creating nitrite and S-nitrosothiols (RSNO).  Alternatively NO can rapidly interact with 

RBC’s where it interacts with deoxyHb and oxyHb creating Hb-NO and NO3
• respectively 

(left-hand side).  Plasma NO2
• can also enter RBC’s where this can too interact with deoxyHb 

and oxyHb resulting in further Hb-NO and NO3
• generation (right-hand side). 

 

 

Nitric oxide synthase 
 
nNOS is found in skeletal muscle and neurons where it facilitates the transmission of 

neurological signals (Zhou & Zhu, 2009).  iNOS is primarily found in activated macrophages, 

neutrophils and astrocytes where it is involved with early immune response and is typically 

synthesised in response to inflammatory or pro-inflammatory mediators (Nathan, 1997; 

Pandit et al., 2009; Stuehr, 1999) while eNOS is found in vascular endothelial cells found 

lining blood vessels (Stuehr, 1999)  (Figure 1-8).  The current research is primarily involved 
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with NO produced via the eNOS pathway as vascular function is a very important part of the 

current work.   

 

Vascular function 

NO produced via the eNOS pathway rapidly diffuses to either 1) the surrounding smooth 

muscle where it activates soluble guanylate cyclase (sGC), eventually leading to a decrease in 

muscle tension, which is achieved through a subsequent reduction of calcium entry into the 

cell and thus, vasodilatation of the surrounding blood vessels (Katsuki et al.,1977; Arnlod et 

al., 1977; Gladwin et al., 2004; Rassaf et al, 2004); or 2) into to lumen of the blood vessel 

where it reacts with circulating proteins and O2 (Gladwin et al., 2004; Rassaf et al, 2004).  

 

NO produced via the eNOS pathway is vital in the control of vascular function (Ignarro et al., 

1987; Palmer et al,. 1987).  Reductions in eNOS expression and activity are seen as 

precursors to vascular dysfunction as the endothelium plays a key role in vascular 

homeostasis (Wilson, 2006).  Inhibition of eNOS achieved through the administration of NG-

monomethyl-Larginine (L-NMMA) has been shown to reduce forearm blood flow (Joannides 

et al., 1995; Doshi et al., 2001).  These changes have been attributed to changes in vascular 

tone and diameter which were brought about by the reduction in NO production via eNOS 

(Anderson & Mark, 1989; Sinoway et al., 1989).  A reduction in NO production via this 

mechanism will reduce the forearm blood vessels ability to dilate in order to facilitate an 

increase in blood flow after a period of flow occlusion.  After administration of L-NMMA a 

reduction in the ability of the forearm blood vessels to dilate and accommodate the increase 

in blood flow is seen, less dilation results in a reduction in blood flow. 
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Nitric oxide reactions and metabolites 

Various NO metabolites are present in both the plasma and RBC compartments of whole 

blood.  The measurement of NO in biological samples is extraordinarily difficult as 

endogenous NO has a very short half-life of 5 seconds or less (Hakim et al., 1996).  This is 

due to rapid interactions with oxygen (Reaction 1-1) and haemoglobin (Hb) (2 x 105 M-1 s-1) 

(Hakim et al., 1996; Gladwin et al., 2004; Rassaf et al, 2004).  The half-life of NO in Hb free 

solution has been reported to be ≈445 seconds which is reduced proportionally as Hb 

concentration increases while NO to Hb binding occurs at a ratio of 4:1 (Hakim et al., 1996).  

The reaction of NO with cell free Hb is much faster than that with intracellular Hb 

(Lancaster, 1994, Reiter et al., 2002), which has been attributed to a diffusion limitation into 

the RBC (Liu et al., 1998) and is partially responsible for the short half life of NO.  By 

increasing the partial pressure of oxygen within a solution the half-life of NO is further 

reduced (Kelm et al., 1991).   

 

 
Reaction 1- 1  2NO + O2   2 NO2

• 
  

 

NO reacts with both oxyhaemoglobin (oxyHb) and deoxyhaemoglobin (deoxyHb) to form 

more stable NO metabolites.  NO combines with oxyHb to produce nitrate (NO3
•) and 

methaemoglobin (metHb) (Reaction 1-2) while it also reacts with deoxyHb creating 

nitrosylhaemoglobin (Hb-NO, Hb-FeIINO) (Reaction 1-3). 

 

 Reaction 1-2 oxyHb + NO   metHb + NO3
• (6-8 x107 Μ s-1) 

 
Reaction 1-3 deoxyHb + NO  Hb-NO (Hb-FeIINO) (2-6 x107 Μ s-1) 

(Doyle et al., 1981; Kim-Shapiro et al., 2006) 
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The majority of NO circulating in the blood is found as NO3
• (Lundberg & Govoni, 2004; 

Lundberg & Weitzberg, 2005) which is the final oxidised state of NO and is a very stable 

molecule.  However, NO3
• is the end product of NO metabolism and is not seen as a valid 

marker of NO vasoactivity (Kelm, 1999; Lauer et al., 2002).  Nitrite (NO2
•) which is formed 

when NO reacts initially with O2 (Reaction 1-1) also has a relatively short half-life, ≈ 10 

minutes (Dejam et al., 2005; May et al., 2000) and is seen as one of the more physiologically 

active NO metabolites.  In the absence of Hb, NO2
• is able to diffuse freely to the vascular 

smooth muscle, alter vessel tone and effect blood flow.  Conversely, when Hb is present NO 

produced by the endothelium is rapidly scavenged in a dose dependant manner (Kelm, 1999).  

Therefore, due to these quick reactions blood samples have to be analysed or processed and 

stored immediately upon collection.  Once NO has bound with proteins in the blood to form 

S-nitrosothiols (RSNO), nitrosylhaemoglobin (Hb-NO, Hb-FeIINO) and S-

nitrosohaemoglobin (Hb-SNO) for example, it becomes relatively stable.  NO metabolites 

can be viewed as stable pools of NO.  This NO is then able to be transported to areas where it 

is needed and released in order to elicit its physiological function i.e. initiate vasodilatation in 

order to increase blood flow and O2 delivery. 
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Red blood cell nitric oxide metabolites 

Once NO is generated and released from the endothelium it freely diffuses into the blood 

vessels where it reacts with various constituents of the blood, specifically Hb.  Once NO 

enters the RBC it reacts with both oxyHb and deoxyHb within the RBC (Figure 1-8). 

 

Nitrosylhaemoglobin (Hb-NO, Hb-Fe
II

NO) (Figure 1-8):  This metabolite is formed when 

NO enters RBC’s and reacts with deoxyHb or when NO2
• within RBC’s combines with 

deoxyHb (Reaction 1-3) (Figure 1-8) (Dejam et al., 2005; Kim-Shapiro et al., 2006).  This 

reaction happens at any of the 4 haem units within haemoglobin when they are in the 

deoxygenated state and occurs at a rate of 2 to 6 x107 Μ-1 s-1 (Kim-Shapiro et al., 2006).  This 

NO metabolite may then render NO bio-inactive as it has a very slow release rate of NO 

(≈10-3 to 10-5 s) (Kim-Shapiro et al., 2006).   

 

S-nitrosohaemoglobin (Hb-SNO) (Figure 1-8):  This metabolite is formed by the S-

nitrosylation of the β-93 cysteine within the Hb protein (Jia et al., 1996).  NO is first captured 

by a deoxyhaeme on an oxygenated haemoglobin, it is then transferred to the β-93 cysteine 

thiol when  Hb changes from its T state (deoxy) to its R state (oxy) (Jia et al., 1996; Stamler 

et al., 1997; Kim-Shapiro et al., 2006).  Hb-SNO is more abundant in oxygenated (arterial) 

blood while the NO group is released in deoxygenated (venous) blood (Jia et al., 1996) so 

less Hb-SNO is present in venous blood.  This reversible association would imply that Hb-

SNO could be involved with the delivery of NO to locations distal of its origin.  

 

RBC associated NO2
•
: Plasma NO2

• is able to freely diffuse into RBC’s and this constitutes 

NO2
• within RBC’s (May et al., 2000).   
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Plasma nitric oxide metabolites 

Nitrite (NO2
•
):  Plasma NO2

• is formed when NO is oxidised by O2 within the circulatory 

system (Reaction 1-1).  Plasma NO2
• can then diffuse into RBC’s and become involved in the 

above reactions (Kim-Shapiro et al., 2006).  NO2
• is the major intermediate breakdown and 

vasoactive product of NO in plasma (Kelm, 1999; Lauer et al., 2002). 

 

Plasma S-nitrosothiols (RSNO):  This metabolite is formed when NO reacts with thiol 

groups within proteins contained in blood plasma (Stamler et al., 1992b; Gow et al., 1997).  

In oxygenated blood the majority of RSNO’s are found in the form of S-nitrosoalbumin 

(SNOAlb) (Stamler et al., 1992a).  The mechanisms of RSNO formation and the subsequent 

release of NO is however, poorly understood (Gow et al., 1997; Rassaf et al., 2002a).  RSNO 

have been shown to maintain the physiological function of NO (Stamler et al., 1992b).  

Recent evidence has suggested that the pharmacological administration of NO resulted in the 

transport and delivery of NO, to elicit vasodilatation, in the form of RSNO (Rassaf et al., 

2002b).   

 

Nitrate (NO3
•
): Plasma NO3

• is formed through the reaction of oxyHb with either NO or NO2
• 

(Reaction 1-2) (Figure 1-8).  NO3
• is primarily found in the plasma compartment as once it is 

generated within RBC’s it diffuses into the plasma (May et al., 2000). 
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Vascular function and NO 

Hypoxic vasodilatation is a physiological adaptation that enables blood vessels to dilate in 

order to facilitate an increase blood flow and O2 delivery.  There are currently two major 

theories to how hypoxic vasodilatation is initiated.     

 
Research conducted predominantly by the Jonathan Stamler group favours the theory that 

Hb-SNO is a major metabolite involved in the control of hypoxic vasodilatation and the 

delivery of NO to hypoxic areas (Jia et al., 1996; Shingel & Stamler, 2005; Diesen et al., 

2008).  However, another major research group headed by Mark Gladwin favours another 

theory, the NO2
• reductase theory (Cosby et al., 2003; Gladwin & Schechter, 2004; Crawford 

et al., 2006; Gladwin, 2006).  These mechanisms serve to both generate NO or deliver it to 

hypoxic areas where it will facilitate in the delivery of O2. 

 

As a consequence of the very short half-life of NO once it becomes exposed to various 

reactants within the blood, NO would effectively become scavenged, rendered inactive and 

serve no physiological use.  Therefore, it has been proposed that certain NO metabolites 

function as stable “carriers and deliverers” of NO, especially in a hypoxic physiological 

environment.   

 

The two theories are outlined below:  

 

Hb-SNO theory  

It is known that RBC’s are a key regulator in the metabolism of NO and reactions between 

NO and Hb generate a number metabolites (Lancaster, 1994).  One of these metabolites is S-

nitrosohaemoglobin (Hb-SNO) (Jia et al., 1996; Stamler et al., 1997; Kim-Shapiro et al., 
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2006).  The involvement of Hb-SNO in the stabilisation and delivery of NO was first put 

forward by Jonathan Stamler and co-workers (Jia et al., 1996).  This reaction stabilises NO so 

it is able to be transported to hypoxic areas where it is then released as a consequence of Hb 

deoxygenating in order to perform its physiological function of facilitating vasodilatation (Jia 

et al., 1996; Stamler et al., 1997; Pawloski et al., 2001; Kim-Shapiro et al., 2006).  The S-

nitrosylation of Hb is pO2 dependant (Jia et al., 1996; Stamler et al., 1997) and this 

dependency combined with the reversible interaction between Hb and NO is why Hb-SNO 

has been seen as a key molecule in the role of hypoxic vasodilatation.  

 

NO2
•
 reductase theory 

NO2
• is available in much greater concentrations than any other vasoactive NO metabolite in 

human plasma and is a primary oxidative product of NO (Kelm, 1999).  Recent studies have 

shown that NO2
• is a physiologically active storage pool of NO which can be utilised under 

times of environmental stress i.e. low O2 pressures, to facilitate hypoxic vasodilatation 

(Cosby et al., 2003; Nagababu et al., 2003; Crawford et al., 2006; Lundberg & Weitzberg, 

2005; Gladwin, 2006). 

 

The reduction of NO2
• back to NO occurs through its reaction with deoxyHb, which was first 

characterised by Doyle and colleagues (Reaction 1-4) (Doyle et al., 1981). 

 

Reaction 1-4 deoxyHb + NO2
• + H+    NO + metHb + OH-(average k = 0.35 M s-1) 

 

NO generated through this pathway is free to carry out its regular physiological functions or 

it can interact with further unreacted haemoglobin to form Hb-NO (Reaction 1-3). 
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The reduction of NO2
• back to NO through this reaction happens at a maximum rate when the 

oxyHb (“R” state) is in its transition to deoxyHb (“T” state) and when the Hb is 40-60% 

saturated with O2, this is near to the P50 of Hb  (Huang et al., 2005).  The average rate 

reaction constant of 0.35 M-1 s-1 represents the average rate of reduction during the Hb 

transition from “R” state (6 M-1 s-1) to “T” state (0.12 M-1 s-1)  (Huang et al., 2005). 

 

Nitric oxide metabolite re-apportionment 

A recent study has established there is a NO metabolite “re-apportionment” phenomenon 

occurring between arterial and venous circulations from across the pulmonary and cardiac 

tissue beds (Rogers et al., 2007).  This re-apportionment has been attributed to the changes 

seen in pO2 between the two circulatory systems.  Under normoxic environmental conditions, 

Rogers et al., (2007) observed a reduction in plasma NO2
• and RSNO and a simultaneous 

three-fold increase in Hb-bound NO species across the coronary circulation.  These 

alterations were then observed to reverse across the pulmonary circulation, in that plasma 

metabolites increased and RBC metabolites decreased.  Again these alterations were 

attributed to the variations in pO2 (Rogers et al., 2007).  During either of the transit periods 

there was however, no overall loss or gain in total NO concentration. 

 

These observations could have major implications in the final conclusions of many future and 

also previous studies which have assessed vascular NO bioavailability.  Numerous studies 

have only quantified a single vascular NO metabolite, with plasma NO2
• being abundantly 

examined (Berger et al., 2005, 2009; Peebles et al., 2008).  However, with the evidence of 

Rogers et al. (2007) and data supplied as part of this thesis it may not be suitable to make 

conclusions or assumptions with just the quantification of one NO metabolite.  Previous 

studies have concluded that NO bioavailability is compromised if there is a reduction in 

plasma NO2
•.  To an extent this is true but it does not give the whole NO profile.  If other NO 
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metabolite concentrations were also measured i.e. RBC and other plasma metabolite 

concentrations, in these studies this re-apportionment phenomenon may have also been 

observed, meaning that there was no overall loss of total NO and false conclusions possibly 

being drawn. 

 

Hypoxia and the inactivation of nitric oxide 

 
Hypoxia and exercise have both been shown to independently increase the generation of 

reactive oxygen species (ROS) (Bailey et al., 2003, 2004a, 2007; Davison et al., 2006).  The 

superoxide anion (O2
•-) is abundantly produced during mitochondrial respiration (Cadenas & 

Davies, 2000; Han et al., 2001; Turrens, 2003; Murphy, 2009) and can react rapidly with NO 

(Gryglewsky et al., 1986; Henry et al., 1991) rendering NO inactive and reducing its 

bioavailability.  This reaction produces peroxynitrite (ONOO-) (Reaction 1-5) at a near 

diffusion limited rate (k ≈6.7x 109 Μ s-1) (Kelm, 1999).  ONOO- is itself a reactive oxidant 

and produce further physiological damage (Pacher et al., 2007) 

 

 
 Nitric Oxide (NO) + Superoxide (O2

•-
)                  Peroxynitrite (ONOO

-
) (k ≈6.7 x109 Μ s-1) 

 
Reaction 1-5 Reaction between O2

•-and NO 
 

 
Hypoxia has also been associated with a down-regulation of eNOS (Phelan & Faller, 1996; 

Faller, 1999).  This could result in a reduction in endogenously produced NO and by 

consequence, circulating NO metabolite concentrations.  Furthermore, O2 is needed to 

catalyse the reaction between eNOS and L-arginine to produce NO (Leone et al., 1991) 

(Figure 1-8), therefore, hypoxia could further limit endogenous NO production due to a 

reduction in substrate availability.  All of these actions could serve to potentially limit the 

bioavailability of NO under hypoxic conditions. 
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Acute mountain sickness (AMS) 

One of the earliest descriptions of the effects of exposure to high-altitude was described in 

1736 by the Spanish navel officer Don Antoine d’Ulla whilst in Peru.  He described the 

condition as “sea sickness of the high plains” (Cited in; Bert, 1878).  In these early days there 

was no concise description of AMS and was Paul Bert (Bert, 1878) who first described some 

of today’s major symptoms.  These early descriptions focused on breathing difficulties, 

nausea and bleeding of the gums, however, there was still no sure criterion for diagnosis at 

this time.  In 1895 Malcolm Hepburn argued against most of these symptoms being caused by 

the high-altitude but more a consequence of fatigue after prolonged durations at high-altitude.  

Hepburn was the first to describe headache along with breathing difficulties as the key 

symptoms of AMS (Hepburn, 1895).  One of the first true physiological/clinical descriptions 

was described by Ravenhill in the early 1900s (Ravenhill, 1913).  Headache is today seen as 

the major defining characteristic of AMS and the presence of headache is indeed a 

prerequisite for the diagnosis of AMS (Bärtsch, et al., 2004; Roach & Hackett, 2001). 

 

AMS is experienced by many individuals who ascend to high-altitude.  Symptoms usually 

occur within 4-8hrs after a rapid ascent to altitudes above 2000-3000m and are most 

prominent the morning after arrival at altitude (Schneider et al., 2002).  The severity of AMS 

varies greatly between individuals and its diagnosis is very subjective.  AMS can present in 

otherwise healthy individuals and symptoms seem to be exacerbated by exercise (Roach et 

al., 2000).  Headache, the key characteristic of AMS (Bärtsch, et al., 2004; Hackett & Roach, 

2001; Roach & Hackett, 2001), along with other symptoms such as breathlessness, fatigue, 

and nausea are the key symptoms experienced.  A recent overview of risk factors implicated 

in the development of AMS has established that a history of AMS on previous sojourns to 

high-altitude, the number of days spent at high-altitude in the preceding months and the 
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ascent rate are the main determinants of the development of AMS (Schneider et al., 2002)  

(Figure 1-9).  Individuals who have previously suffered AMS are twice as likely to develop it 

on subsequent trips to high-altitude (Schneider et al., 2002).  Figure 1-9 shows that a fast 

ascent rate with no pre-acclimatisation is associated with a high prevalence of AMS.  This 

prevelance is much higher than that associated with a slow ascent rate with pre-

acclimatisation or with a fast ascent rate or with no pre-acclimatisation.  The prevalence of 

AMS, with these ascent or acclimatisation profiles, is greater in those with a known 

susceptibility to AMS (Figure 1-9) (Schneider et al., 2002).  This does not mean that non- 

susceptible individuals do not suffer AMS it’s just their symtomology is lower compared to 

susceptible individuals and has not reached the criterion needed for clinical diagonosis. 

 

 

 

Figure 1-9 Prevalence of AMS at 4559m with various ascent rates and prior high-altitude 

exposure.  Slow ascent relates to more than 3 days, fast ascent relates to 3 days or less, pre-

acclimatisation relates 5 days or more above 3000m in the preceding 2 months, and not pre- 

acclimatisation relates to 4 days or less above 3000m in the preceding 2 months (Schneider et 

al., Med Sci Sports Exerc, 2002). 
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In order to minimise the development of AMS there are a number of measures that 

individuals can address.  Speed of ascent is a major contributing factor in the development of 

AMS (Bärtsch, et al., 2004; Hackett & Roach, 2001; Schneider et al., 2002).  It is now also 

widely recognised that an ascent rate, once above 3000 meters, of no more than 

approximately 300 – 350 meters (1000ft) a day with a rest day every 1000 meters or every 

three days is the most beneficial (Ward et al., 2000b).  This ascent rate enables individuals to 

suitably acclimatise and adjust to the reduced pO2 associated with the daily increases in 

altitude.  Rapid ascent rates can result in individuals not acclimatising sufficiently and there 

being an increased chance of developing AMS and other associated, more serious, high-

altitude illnesses.  Symptoms associated with AMS usually subside after a period of rest at 

the particular altitude where the symptoms were first experienced (Bärtsch et al., 1992, 

1993).  If symptoms do not resolve after a rest period at the same altitude the most effective 

treatment is to descend to a lower altitude or if available and it is warranted due to there being 

no other form of treatment, the administration of supplemental O2.  The former treatment is 

generally preferred if there are no other complications as it is the cheapest, easiest to perform 

and has been shown to work effectively (Bärtsch et al., 1992, 1993). 

 

Genetic predisposition to AMS 

The question of whether there is a genetic element involved in the development of AMS 

and/or other high-altitude illnesses is an area of current interest.  It would seem plausible to 

suggest there may be a genetic predisposition to AMS since there are large variations in 

susceptibility and certain individuals are susceptible to repeat episodes (Rupert & Koehle, 

2006).  Limited data suggests high-altitude natives are genetically “protected” against AMS 

and other high-altitude illnesses (Moore, 2001; León-Velarde & Mejía, 2008).  Recent 

interest has focused on the angiotensin converting enzyme gene (ACE) since the insertion (I) 
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allele has been associated with a successful attempt of an 8000 meter peak (Thompson et al., 

2007).  However, no association has been observed between AMS and ACE polymorphisms 

(Dehnert et al., 2002; Koehle et al., 2006).  Even though there is a lack of evidence 

associating AMS with a genetic predisposition, it must be emphasised that these studies have 

only been performed on small samples sizes.  To obtain any meaningful genetic data very 

large sample sizes are required while only 20 of approximately 25000 genes of the human 

genome and approximately 50 polymorphisms of potentially millions, have been assessed for 

roles in hypoxia and high-altitude illness (Rupert & Koehle, 2006). 

 

Prevalence of AMS 

 
After acute exposure to 12% O2, equivalent to a terrestrial altitude of approximately 

4600meters (Schneider et al., 2002), it has been reported that approximately 50% of the 

population can develop moderate to severe AMS (Total LL score (self-assessment + clinical 

scores) of ≥5 points and ESQ-C symptoms score ≥0.7 points), after a 6hr sedentary exposure 

(Bailey et al., 2006, 2009a; Kallenberg et al., 2007).  A rapid ascent to an altitude of 4,559 

with no pre-exposure to any level of hypoxia resulted in a prevalence of 58% which was 

reduced to 29% with a pre-hypoxic exposure and reduced again to 33% with a slow ascent, 

prevalence reduced again to only 7% with a slow ascent and a pre-exposure (Schneider et al., 

2002) (Figure 1-9).  The mode of ascent can also influence the prevalence of AMS.  If 

individuals are physically active during ascent the prevalence may be increased (Roach et al., 

2000).  This is strong evidence that both speed of ascent and acclimatisation both have major 

influences on the development of AMS.  In a separate study at the same location Maggiorini 

et al., (1990) also established there was a prevalence of around 53% at an altitude of 4,559m, 

which was greater than the prevalence recorded at lower altitudes during the same study. 
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Pathophysiology of AMS 

Though controversial (Bartsch et al., 2004), AMS is thought to be a sub-clinical form of high 

altitude cerebral oedema (HACE) (Hackett & Roach, 2001, 2004). However, recent magnetic 

resonance imaging (MRI) data has shown no link between brain oedema and AMS (Fischer et 

al., 2004; Bailey et al., 2009d)  

 

 MRI evidence shows there is mild brain swelling after exposure to hypoxia (Bailey et al., 

2006; Kallenberg et al., 2007).  However, it is still yet to be established whether this is a 

contributing factor towards the pathophysiology of AMS and is currently a very debatable 

issue.  This mild increase in brain volume could be responsible for the activation of pain 

sensitive structures within the brain eventually resulting in the sensation of pain, manifest as 

headache (Sanchez del Rio & Moskowitz, 1999).   

 

The majority of human brains swell slightly in hypoxia (Mόrocz et al., 2001; Fisher et al., 

2004; Bailey et al., 2006; Kallenberg et al., 2007).  Recent speculation has arisen around the 

notion that headache associated with AMS and HACE has developed due to this increase in 

brain volume. The increase is thought to be facilitated through the development of either 

vasogenic or cytotoxic oedema and the subsequent changes in brain volume to intracranial 

volume ratio (BV : ICV).  Vasogenic oedema and blood-brain barrier (BBB) integrity was 

first thought to be a major contributing factor in the development of AMS (Hackett & Roach, 

2004).  However, recent evidence suggests that cytotoxic oedema may play a role in the 

pathophysiology of AMS (Kallenberg et al., 2007; Schoonman et al., 2008) which typically 

precedes HACE (Bailey et al., 2009d).  There are currently conflicting reports on the role of 

vasogenic and cytotoxic oedema in the pathophysiology of both AMS and HACE.  Both 

forms of oedema could eventually increase the BV : ICV ratio.  This has been termed the 
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“tight fit” hypothesis and will lead to a reduction in buffering capacity of the intracranial 

cavity.  

 

The tight-fit hypothesis was first proposed by Ross (1985), who suggested the buffering 

capacity of the cranium could be implicated in the pathophysiology of AMS since an increase 

in brain volume within a volume restricted space will serve to potentially increase intracranial 

pressure (ICP).  Individuals with greater buffering capacity could be less susceptible to AMS 

as the extra buffering capacity will accommodate the brain swelling observed in hypoxia 

(Bailey et al., 2006; Kallenberg et al., 2007; Mόrocz et al., 2001).  However, questions have 

recently been raised over the strength of this theory (Bailey et al., 2009d).   

 

Alterations in the BV : ICV ratio may eventually lead to the activation of the trigeminal 

vascular system which has been implicated in migraine attacks (Link et al., 2008) and 

headache associated with AMS (Sanchez del Rio & Moskowitz, 1999).  The type of headache 

associated with AMS is indistinguishable to that of the headache experienced during migraine 

without aura (Schoonman et al., 2006).  Therefore, comparisons between headaches 

associated with high-altitude pathologies and migraine attacks can be made.  

 

Recent publications have brought all of the current concepts, dealing with the 

pathophysiology of AMS, together.  The main emphasis of these reports centres on the 

decrease in cerebral pO2 and the associated chemical and haemodynamic pathways initiated 

by this reduction (Bailey et al., 2008; 2009d).  Figure 1-10 shows a hypothetical schema of 

these proposed pathways in the development of AMS.  
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Figure 1-10 Revised schema of events implicated in the pathophysiology of acute mountain 

sickness (AMS) and high-altitude cerebral oedema (HACE).  The traditional model (stippled 

lines) contends that vasogenic oedematous brain swelling combined with a reduced CSF 

buffering capacity may predispose to intracranial hypertension and thus by consequence, 

AMS (A).  The revised model suggests that AMS is not associated with any “additional” 

volume overload thus arguing against a role for intracranial hypertension.  It describes how 

free radicals can directly activate the trigeminovascular system to trigger headache and AMS 

(B).  HACE may reflect the more extreme spectrum of “osmotic-oxidative stress” resulting in 

gross barrier dysfunction and cerebral capillary “stress failure”.  ICV, intracranial volume; 

ECS/ICS, extra/intra-cellular space (Bailey et al., Cell Mol Life Sci, 2009d). 
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Current hypothetical pathophysiology of AMS 
 
 

Figure 1-10 shows a hypothetical schematic overview of our current thoughts underlying the 

pathophysiology of AMS.  It is clear to see there are two fundamental pathways to which our 

current work is focused, 1) a haemodynamic and 2) a chemical pathway.  Both pathways 

arise from an initial decrease in cerebral pO2 with can be attenuated by a blunted hypoxic 

ventilatory response (HVR) and/or an increase in sub-clinical pulmonary oedema.  Both 

pathways serve to increase levels of oedema, ultimately resulting in brain swelling and the 

activation of the trigeminovascular system leading to the sensation of headache and by 

consequence, AMS.  Two forms of oedema, vasogenic and cytotoxic, resulting in brain 

swelling have been implicated in AMS (Basnyat & Murdoch, 2003; Hackett & Roach, 2001).  

 

Vasogenic extracellular oedema 

This form of oedema has traditionally been thought to be the major contributor in the 

development of HACE (Basnyat & Murdoch, 2003; Hackett et al., 1998; Hackett & Roach., 

2004).  Recent speculation and evidence has suggested that two primary pathways are 

involved in the development of vasogenic oedema (Bärtsch et al., 2004; Hackett & Roach, 

2004).  

 

1) Haemodynamic pathway (Figure 1-10) 

This pathway favours the formation of extracellular vasogenic oedema which is brought 

about by cerebral over-perfusion following hypoxic vasodilation of cerebral blood vessels 

and autoregulatory breakthrough.  These mechanisms may then cause mechanical opening of 

the BBB and fluid “leak” form the intravascular space to the extravascular space causing 

extracellular vasogenic oedema (Bärtsch et al., 2004; Basnyat & Murdoch, 2003; Hackett & 

Roach., 2001, 2004).  However, recent studies have failed to show any molecular evidence of 
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a breakdown of the BBB in hypoxia (Bailey et al., 2006, 2009a, 2009c).  Studies have shown 

that mild extracellular vasogenic oedema is associated with hypoxia but is independent of 

AMS while AMS is also associated with mild intracellular cytotoxic oedema (Kallenberg et 

al., 2007; Schoonman et al., 2008). 

 

2) Chemical pathway (Figure 1-10) 

The human brain is particularly susceptible to redox reactions and the areas of the brain 

associated with oedema, the corpus callosum and basal ganglia (Kallenberg et al., 2007; 

Schoonman et al., 2008),  are rich in redox-reactive catalytic iron (Halliwell, 1992). 

Therefore, a chemical rather than a mechanical breakdown of the BBB has also been 

proposed in the development of vasgogenic oedema (Bailey et al., 2004b; Bärtsch, et al., 

2004). Reactive oxygen species (ROS) and reactive nitrogen species (RNS) may lead to a 

chemical perturbation of the BBB.  Concentartions of ROS and RNS have been shown to be 

alterted in the systemic circulation (Bailey et al., 2006, 2009a) and more importantly across 

the hypoxic cerebral circulation during hypoxic exposure (Bailey et al., 2009b).   

 

Increases in ROS have the potential to initiate neuronal membrane lipid peroxidation 

eventually leading to increases in vascular permeability (Bailey et al., 2004b; Bärtsch et al., 

2004; Hackett & Roach., 2004) and the subsequent development of vasogenic oedema.  

However, a recent study failed to find any evidence of BBB breakthrough in those with 

clinical AMS and mild brain swelling even though there was an increase in systemic ROS 

(Bailey et al., 2006).  ROS are also able to inactivate NO (Gryglewsky et al., 1986; Henry et 

al., 1991), which is critical for vascular function (Ignarro et al., 1987; Palmer et al., 1987).  

NO bioavailability could have a considerable impact on this haemodynamic pathway as 
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alterations in vascular function could have a knock on effect on the auto-regulatory response, 

resulting in a more pronounced over-perfusion and a greater degree of oedema.  

 

Increased NO has also been implicated in the development of migraine (Ashina et al., 2000; 

Olesen et al., 1993, 1994, 1995) and the activation of the trigeminovascular system which has 

recently been implicated in the pathophysiology of headache associated with AMS (Sanchez 

del Rio & Moskowitz, 1999) (pages 67 - 68).  The dietary administration of L-arginine, an 

amino acid required for the endogenous production of NO (Figure 1-8), has also been shown 

to induce headache while at high-altitude (Mansoor et al., 2005).   

 

Cytotoxic intracellular oedema 

This is simply a swelling of the cellular elements of the brain.  An increase in intracellular 

fluid is primarily brought about by a hypoxia mediated down regulation in the activity of the 

Na-K-ATPase pump (De Angelis & Haupert, 1998; Schoonman et al., 2008).  This causes 

increases in intracellular Na+ concentrations which will lead to the creation of an osmotic 

gradient and the retention of water within the cell such as that seen in high-altitude cytotoxic 

oedema (Kallenberg et al., 2007; Schoonman et al., 2008).  ROS can also influence the 

activity of the Na-K-ATPase pump and other ion channels (Kourie, 1998; Mairbäurl et al., 

1997, 2002; Planes et al., 1996, 1997) this could hinder the movement of fluid in and out of 

cells and because of this may be partly responsible for the development of cyotoxic oedema 

associated with AMS.   

 

Mild cytotoxic oedema has been found in those who develop moderate AMS while the areas 

of the brain associated with intracellular cytotoxic oedema were confined to the corpus 

callosum and basal ganglia (Kallenberg et al., 2007; Schoonman et al., 2008).  This 
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observation was not evident in those who remained relatively healthy even though these 

individuals showed a slight increase in brain volume (Kallenberg et al., 2007; Schoonman et 

al., 2008).  These studies provide evidence that both forms of oedema maybe required for the 

development of clinical AMS.  However, the true pathophysiology of AMS and indeed 

HACE is still relatively unclear. 

 

MRI studies 

In order to try and establish the origins and type of cerebral oedema experienced at high-

altitude a number of MRI studies have recently been carried out.  These studies have shown 

there is mild brain swelling of between 0.6 ± 0.4% and 2.77 ± 1.47% of total brain volume 

after exposure to hypoxia (Bailey et al., 2006; Kallenberg et al., 2007;  Mόrocz et al., 2001), 

and this swelling occurred independent of AMS.   

 

This mild hypoxic brain swelling has been attributed to vasogenic oedema while individuals 

who develop AMS also show signs of mild intracellular cytotoxic oedema (Kallenberg et al., 

2007; Schoonman et al., 2008).  However, no molecular evidence has been observed in AMS 

to account for the potential opening of the BBB and the generation of vasogenic oedema 

(Bailey et al., 2006).  Although, post mortem exanimations of those who have died as a result 

of HACE have shown cerebral microhaemorrhages (Dickinson et al., 1983) which is 

indicative of BBB disruption in the most severe cases.  A recent publication examining 

previous MRI data has recently identified that in those individuals who have survived cases 

of HACE, hemosiderin deposits have been found in the brain parenchyma (Kallenberg et al., 

2008) which is seen as further evidence of BBB disruption.  These findings indicate that all 

of the afore mentioned mechanisms may act in synergy and be responsible for the 

development of AMS and HACE. 
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Intracranial pressure (ICP) 

Failure of the BBB may ultimately lead to an increase in intracranial pressure (ICP) as a 

direct result of an increase intracranial volume (ICV).  There is a current conception that 

AMS is caused or in part caused by an increase in ICP secondary to alterations in cerebral 

haemodynamics and vascular function (Bailey et al, 2006).  This notion is still largely under 

investigation as there seem to be conflicting results.  In those who develop mild to moderate 

AMS there is no observed increase in ICP (Wright et al., 1995).  However, hypoxia per se 

results in mild brain swelling (Kallenberg et al., 2007; Bailey et al., 2006) which may result 

in an increased ICP due to there being only a limited buffering capacity within the cranial 

cavity.  Our group has recently shown an increase in estimated ICP (eICP) in those who 

developed moderate to severe AMS (unpublished observations).  These ICP measurements 

were estimated using indirect measures and may not truly reflect actual ICP’s.  Alterations in 

ICP and brain volume subsequent to alterations cerebral vascular function may lead to 

trigeminal nerve activation leading to the sensation of headache (Sanchez del Rio & 

Moskowitz, 1999).  However, a recent comprehensive review of the molecular and 

morphological changes occurring in AMS has tentatively excluded the role of ICP in the 

pathophysiology of AMS (Bailey et al., 2009d). 

 

Calcitonin gene-related peptide 
 
Calcitonin gene-related peptide (CGRP) is a vasoactive neuropeptide that is released 

subsequent to trigeminal activation during migraine (Goadsby et al., 1990; 2002; Teppar & 

Stillman, 2008) while CGRP receptor antagonists have been used in the successful treatment 

of migraine (Ho et al., 2008; Olesen et al,. 2004; Teppar & Stillman, 2008) while sumatriptan 

has been successfully used in the treatment of AMS (Jafarian et al., 2007).  It is therefore 

plausible that trigeminal activation is implicated in the pathophysiology of AMS since 
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migraine is indistinguishable to the headache associated with AMS (Schoonman et al., 2006).  

However, a recent study by our group failed to observe any changes the trans-cerebral 

exchange kinetics of CGRP across the hypoxic brain during the development of headache 

(Bailey et al., 2009c). This tentatively argues against the theory that the activation of the 

trigeminovascular system is implicated in the development of AMS.   

 

Assessment of acute mountain sickness 

 
Difficulties can arise in the assessment of AMS as it is very subjective.  Over the last three 

decades or so there have been a number of different questionnaires developed in order to 

assess its severity.  These questionnaires were long, up to 52 questions and took a long time 

to complete.  This could cause biased results as cognitive dysfunction can occur at high-

altitude (Bahrke & Shukitt-Hale, 1993; Virués-Ortega et al., 2006), leading to questionnaires 

not being completed correctly and outcomes being invalid. 

 

The current and most widely used method of AMS assessment, the Lake Louise (LL) 

questionnaire was developed in the early 1990’s (Roach et al., 1993) (Appendix 1).  The 

results of this questionnaire can be combined with the results of another questionnaire, the 

Environmental Symptoms Questionnaire – Cerebral score (ESQ-C) (Sampson et al., 1983) 

(Appendix 2).  The ESQ-C has been developed over a number of years from existing 

protocols (Kobrick & Sampson, 1979; Sampson & Kobrick, 1980).   

 

The LL questionnaire is a self-reporting questionnaire with three areas of interest 1) Self-

assessment, 2) Clinical and 3) Functional (Appendix 1).  The self-assessment portion consists 

of five questions assessing symptoms including headache, tiredness or fatigue and 

gastrointestinal symptoms.  These questions are graded from zero (none at all) to three (most 
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severe).  The answers are generally given by the subject themselves after they have fully 

understood the question.  The clinical questions are usually completed by an independent 

assessor and involve the assessment of mental status, ataxia and peripheral oedema.  The 

functional score is a generalised score on how the above symptoms are affecting general 

activities.  The scores of all the questions are added together for the final total score.  

 

The ESQ-C questionnaire is a set of eleven questions graded from zero (not at all) to five 

(extreme) and the questions primarily deal with cerebral symptoms associated with AMS.  

Answers from the questions are then multiplied by a particular factorial weight associated 

with that question.  The sum of all eleven questions is then divided by 25.95 and then 

multiplied by 5 to obtain a score (Sampson et al., 1983). 

 

As headache is the key symptom of AMS our research groups like to complement these two 

questionnaires with a clinically validated visual analogue scale (VAS), assessing the severity 

of headache (Iversen et al., 1989) (Appendix 3).  The presence of headache is needed for the 

clinical diagnosis of AMS (Bärtsch et al, 2004) and as individuals who present with the most 

severe cases of AMS usually have a greater severity of headache (Bailey et al., 2006, 2009a).   

 

For the purposes of the current research objectives we used acute hypoxic exposure periods 

of 6 to 9hrs for the duration needed to develop and diagnose clinical AMS using the criteria 

previously outlined  (Lake Louise score (self assessment + clinical score) of ≥ 5 points and 

ESQ-C score ≥ 0.7) (Bailey et al., 2006, 2009a, 2009b; Kallenberg et al., 2007).   
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Treatment of AMS 

By far the best treatment is prevention.  This can be achieved by gaining altitude at a sensible 

ascent rate and keeping physical exercise to a minimum.  However, pharmaceutical 

treatments and prophylaxis have been used successfully in the treatment and prevention of 

AMS.  Acetazolamide (Diamox), a carbonic anhydrase inhibitor was first shown to improve 

ventilation and the arterial partial pressure of oxygen (PaO2) in the hypoxic animal model in 

the early 1960’s (Cain & Dunn, 1965).  It has since been used successfully as a prophylactic 

agent for AMS in humans (Sutton et al., 1979; BMRES Mountain Sickness Study Group, 

1981; Larson et al., 1982; Grissom et al., 1992).  Acetazolamide promotes renal bicarbonate 

excretion, produces metabolic acidosis and promotes respiration (West, 2004; Leaf & 

Goldfarb, 2007).  These effects ultimately lead to the preservation of PaO2.  Dexamethasone 

is another pharmaceutical treatment that has been used successfully (Johnson et al., 1984; 

Rock et al., 1989).  However, dexamethasone is generally used as an emergency treatment in 

the most extreme cases of AMS (Ferrazzini et al., 1987).  The combination of dexamethasone 

and acetazolamide has been shown to have a more pronounced effect than either drug alone 

(Bernhard et al., 1998).  Even though drug treatment and prophylaxis have been used 

successfully to treat and prevent high-altitude pathologies this does not mean that individuals 

should rely on this type of intervention to “make sure” they attain their desired altitude.   
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Further high-altitude pathologies 

 
Many believe that AMS precedes the development of more serious clinical pathologies 

experienced at high-altitude (West, 2004).  High-altitude pulmonary oedema (HAPE) and 

high-altitude cerebral oedema (HACE), the accumulation of fluid on the lungs and brain 

respectively, are two more serious and life threatening pathologies that can develop.  

Symptoms of AMS typically precede the development of both HAPE and HACE (Bailey et 

al., 2009d; Hackett et al., 1976; West, 2004; Bärtsch, personal communication), so all seem 

to be intrinsically linked and potentially share similar pathophysiology.  

 

 

 

High-altitude cerebral oedema (HACE) 
 
HACE can occur in unacclimatised individuals who ascend rapidly to altitudes above 2000 

meters but it is more common above altitudes of 3000 meters (Hackett & Roach, 2004).  

HACE is characterised by a build up of fluid in or surrounding brain tissue and cells.  The 

true pathophysiology of HACE and also AMS is still however unclear.   

 

Prevelance of HACE 

The prevalence of HACE is much lower than that of other high-altitude illnesses.  

Prevalences of between 0.5 and 1.0% at altitudes between 4243 and 5500 meters have been 

previously reported (Hackett et al., 1976; Bärtsch & Roach, 2001).  Hackett et al., (1976) 

also observed that the prevalence of HACE increased to 3.4% in those who were also 

suffering AMS.   
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Pathophysiology of HACE 

HACE is thought to share a similar pathophysiology as AMS (Hackett & Roach, 2004).  The 

current pathophysiological mechanisms of AMS have already been discussed (pages 45 - 53).  

The first signs of AMS can be viewed as being at one end of a spectrum while HACE can be 

seen as being at the furthest end of the spectrum. 

 

HACE diagnosis 

Many believe that HACE a severe form of AMS as it shares many of the symptoms of AMS.  

Along with symptoms of AMS such as headache, lassitude, nausea, breathlessness, lack of 

sleep, anorexia the key defining symptoms of HACE are ataxia, changes in consciousness 

and mental confusion (Hackett & Roach, 2004; Wu et al., 2006).  If an individual becomes 

ataxic and is unable to maintain their posture, especially while walking, combined with 

experiencing AMS symptoms there is a strong possibility they are suffering HACE and 

action needs to be taken quickly.   

 

HACE treatment 

HACE is a life threatening pathology and the simplest from of treatment is to descend to a 

lower altitude.  Supplemental O2 would also be one of the first treatments to administer.  If 

this is not readily available or descent not possible and if one is available the use of a 

Gammow bag is also beneficial.  This treatment has been shown to be effective in both the 

short term and over prolonged periods of treatment (Austin, 1998).  The bag works by 

simulating lower altitudes by exposing individuals to higher air pressures within the bag; this 

recreates the physiological environment experienced at lower altitudes.  Administration of the 

corticosteroid dexamethasone is seen as the main pharmacological treatment in HACE 

(Hackett & Roach, 2004; Luks & Swenson, 2008) 
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High-altitude pulmonary oedema (HAPE) 

HAPE is a non-cardiogenic form of pulmonary oedema and is characterised by a build up of 

fluid within the alveoli of the lung.  Oedema hinders the diffusion of gases across the 

alveolar-capillary membrane and can eventually cause attenuation of the already low arterial 

pO2 seen at high-altitude.  The key characteristic of HAPE is an elevated pulmonary artery 

pressure (PAP), secondary to hypoxic pulmonary vasoconstriction (Bärtsch et al, 1997, 2001; 

Hackett & Roach, 2001; Maggiorini et al., 2001; Maggiorini, 2006; West, 2004).  One theory 

behind the origins of this increase is thought to be vascular dysfunction as a result of a 

reduction in NO bioavailability (Berger et al., 2005, 2009).  Similar mechanisms may also 

exist in the development in the pathophysiology of HACE.  Increases in PAP may also cause 

stress failures of the capillary membrane and this failure can result in fluid and protein loss 

from the capillary into the alveoli space (West & Mathieu-Costello, 1992; West, 2000).  

Stress failure of the capillary membrane may be implicated in the development of HAPE 

since broncho-alveolar lavage samples taken from subjects suffering HAPE show an 

increased protein content (Schoene, et al., 1986, 1988; Swenson et al., 2002).  This indicates 

capillary membrane opening or failure has occurred secondary to an increase in pulmonary 

vascular pressure in these individuals. 

 

Prevalence of HAPE 

 
The prevalence of HAPE in a general alpine population is relatively low, <0.2%, with a slow 

2-4 day ascent to an altitude of 4,559m (Bärtsch et al., 2005).  However, if the ascent to 

4,559m was faster and achieved within 22hrs the prevalence increases to 10% in those who 

have not had and 60% in those who have had previous radiographic evidence of HAPE 

(Bärtsch et al., 1990, 2005).   
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Pathophysiology of HAPE 

Between 60-70% of individuals who have experienced HAPE on previous sojourns to high-

altitude will be at risk of a recurrence on subsequent trips to high-altitude (Bärtsch et al., 

1991; Bärtsch, 1997; Maggiorini, 2006; Vock et al., 1989).  This probably occurs due to the 

fact that these individuals tend to have a brisk pulmonary pressor response to hypoxia and 

will therefore experience a greater increase vascular pressure (Eldridge et al., 1996; Scherrer 

et al., 1996).  Exercise is also a major contributing factor in the development of HAPE.  

Exercise initiates an increase in PAP independent of hypoxia and thus acting in synergy with 

the hypoxic pulmonary vasoconstriction seen at high-altitude would result in dramatic 

increases in PAP (Groves et al., 1987).  These factors along with the already attenuated 

arterial pO2 seen during exercise at high-altitude may be contributing factors towards the 

more severe AMS symptoms associated with exercise (Roach et al., 2000).  Symptoms of 

AMS typically precede the development of HAPE (Bailey et al., 2009d; Hackett et al., 1976; 

West, 2004; Bärtsch, personal communication).  Reductions in pO2 is a key initiating factor in 

HAPE and AMS since both pathologies are associated with greater hypoxaemia (Hyers et al., 

1979; Roach et al., 1998; Hussain et al., 2001; Bailey et al., 2009a), while the initial drop in 

pO2 associated with AMS may be the a key instigator in the development of HAPE.  The 

associated reductions in pO2 are thought to be responsible for the enhanced hypoxic 

pulmonary vasoconstriction associated with HAPE (Bärtsch et al., 2005). 

 

A number of reports have shown an incidence of HACE of between 13 and 20% in those 

already suffering with HAPE (Hultgren et al., 1996; Yarnell et al., 2000; Gabry et al., 2003).  

This may indicate that there is a neurological component in the pathophysiology of HAPE. 

Recently, in a dog animal model the femoral venous circulation was re-routed to the carotid 

arterial circulation; this resulted in the brain becoming hypoxic while the lungs remained 
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normoxic.  Even though the lungs were perfused with blood at a normal pO2 the animals soon 

developed pulmonary oedema (Bailey et al., personal communication).  This observation 

adds considerable strength to the speculative notion that HAPE may indeed be caused as a 

consequences of cerebral hypoxia rather than pulmonary hypoxia per se. i.e. HAPE is 

neurogenic in origin. 

 

HAPE diagnosis 

One of the key methods for the identification of HAPE is through visual inspection of chest 

X-rays (Bärtsch, 1997; Maggiorini, 2006; Vock et al., 1989).  Chest x-rays will show colour 

deviations in the area or areas where fluid has accumulated.  Fluid accumulation is not 

restricted to specific areas of the lung and can often appear in a number of different regions.  

Increases in pulmonary capillary pressures, a major contributing factor, are not confined to 

one area (Hultgren, 1996).  This can result in a non-uniform fluid build up (Vock et al., 

1991).  A recent MRI study has also shown there is uneven pulmonary perfusion in humans 

when exposed to hypoxia; this observation was more marked in those susceptible to HAPE 

(Dehnert et al., 2006).  This adds further evidence to strengthen the notion there is uneven 

pulmonary capillary pressure build up which was first hypothesised by Hultgren, (1996).   

 

There is no one radiographic characteristic that enables the diagnosis of HAPE to be made.  

Therefore, a scoring system for the dispersal of fluid throughout the lung has been developed 

(Vock et al., 1989, 1991.  A score of 2 points or more in any of the four lung quadrants is 

needed in order to diagnose HAPE (Vock et al., 1989, 1991).  However, performing x-rays in 

remote and often inaccessible locations is rarely possible.  It has therefore been necessary to 

establish easier, cheaper, and more practical methods of HAPE diagnosis that can be utilised 

in remote mountainous regions. 
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These methods are generally not conclusive but can be used as indirect markers of oedema 

accumulation.  Methods include the measurement of arterial haemoglobin oxygen saturation 

(SaO2), the measurement of arterial partial pressure of oxygen (PaO2) and the measurement 

of PAP.  A trained individual can use a stethoscope to listen to the chest where distinct noises 

known as “rales” are picked up over lung fields in those suffering HAPE (Bärtsch, 1997).  

Simple clinical examinations also often find cyanosis, elevated heart and respiratory rates and 

elevated body temperature, usually < 38.5oC (Bärtsch, 1997).  Some of these techniques are 

also difficult to perform, PAP and PaO2 for example, in remote locations so the easier ones 

are generally used in the field until more comprehensive methods can be carried out at a 

suitable location. 

 
 
Interest has recently arisen in a technique called nasal potential difference (NPD) (pages 63-

65).  This is used as a surrogate marker of sub-clinical pulmonary oedema and HAPE 

(Mairbaurl et al., 2003; Mason et al., 2003; Sartori et al., 2004). 

 

HAPE treatment 

If symptoms start to develop rest days should be taken until symptoms subside.  If HAPE is 

suspected, decent if possible, should be the first course of action.  If this is not possible and it 

is available supplemental O2 should be administered.  In most cases of HAPE either decent of 

O2 administration should be enough to resolve the symptoms.  There is also the potential for 

pharmaceutical treatment.  The vasodilator nifedipine has been used successfully for the 

treatment of HAPE as it has been shown to reduce PAP (Bärtsch et al., 1991; Oelz et al., 

1989, 1992) as well as other vasodilators such as tadalafil and sildenafil (Galié et al., 2005; 

Maggiorini et al., 2006; Richalet et al., 2005).  Inhaled β2-agonists such as salmeterol have 

also been shown to be beneficial as they are able to up regulate the clearance of fluid from the 
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alveolar space (Sartori et al., 2002).  Pharmacological treatments aim to increase ventilation 

and consequently, PaO2 or reduce vascular pressures i.e. through the use of diuretics, 

vasodilators, or steroids.  If available, the use of a Gammow bag may also be used in the 

treatment of HAPE.  
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Nasal potential difference 

It is now realised that sodium transport across the respiratory epithelium plays an important 

role in the removal of alveolar water (Matalon & O'Brodovich, 1999) and that an intact 

epithelial barrier is necessary for the resolution of alveolar oedema (Matthay & Wiener-

Kronish, 1990).  Hypoxia reduces epithelial sodium transport in cultured rat alveolar 

epithelial monolayers (Mairbäurl et al., 2002) and decreases the expression of alveolar 

epithelial ion transport proteins (Clerici & Matthay, 2000).  In addition, treatment of HAPE 

susceptible individuals with inhaled β2-agonists, which are known to increase transepithelial 

sodium transport, decreases pulmonary oedema without any effect on pulmonary 

haemodynamics (Sartori et al., 2002).  These issues have led to the notion that alveolar 

sodium transport is implicated in the pathogenesis of HAPE and a number of studies have 

previously assessed its involvement in the development of HAPE (Mairbaurl et al., 2003; 

Mason et al., 2003; Sartori et al., 2004). 

 

Measurement of alveolar ion transport in vivo in human subjects is not feasible; however 

measurement of the potential difference generated by ion transport in the nasal mucosa can be 

used as a marker of transport in the distal respiratory epithelium (Knowles et al., 1981, 1982).  

This measurement is known as the nasal potential difference (NPD).  By perfusing the nasal 

mucosa with substances that alter the conductance of specific ion channels the relative 

contribution of these channels to the potential difference may be estimated. 

 

The alveolar epithelium consists of two major cell types: alveolar type I (ATI) and alveolar 

type II (ATII) cells.  Alveolar type II cells make up approximately 67% of the total alveolar 

epithelial cells but only 3% of the total alveolar surface area (Matalon et al., 2002).  Type II 
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  AT II cell 

cells synthesise and store surfactant; are the stem cells from which type I cells arise and are 

the main site of active vectorial ion transport across the alveolar epithelium (Figure 1-11).  

The energy requiring Na-K-ATPase pump extrudes sodium from the basolateral side of ATII 

cells (Figure 1-11) creating an electrochemical gradient across the epithelium.  As a result of 

this gradient sodium ions passively enter the apical side of the epithelium via a series of 

sodium channels of which the most studied is the amiloride sensitive epithelial sodium 

channel (ENaC).  Other possible apical channels permitting sodium entry include cyclic 

nucleotide gated ion channels and Na+ co-transporters (Figure 1-11).  Water follows sodium 

osmotically, either through aquaporin water channels or via paracellular pathways (Matthay 

et al., 2002).   
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Figure 1-11 Na+ absorption and Cl- secretion in lung epithelial cells with resultant fluid 

movement.  Various ion channels are present in both the apical and basal surfaces of alveolar 

type II cells.  Arrows indicate the direction of ion movement through the cell.  Na+ primarily 

enters the cell through the epithelial sodium channel (ENaC) and is “actively” extruded via 

the Na-K-ATPase pump resulting in a  Na+ gradient and fluid movement across the cell.  Na+, 

sodium; Cl-, chloride; K+, potassium. 
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In addition to cation channels, chloride and bicarbonate channels have been reported in rat 

fetal and adult distal lung epithelium (Lazrak et al., 2002; Jiang et al., 2001).  Apical anion 

secretion is associated with the secretion of water into the luminal space and is the normal 

state in the fetal lung (Pitkanen & O'Brodovich, 1998). Chloride transport takes place by a 

number of apical channels the major ones being, the cystic fibrosis transmembrane regulator 

(CFTR); the outwardly rectifying chloride channel (ORCC) and the calcium activated 

chloride channel (CaCC) (Jentsch et al., 2002). 

 

A number of studies have examined the change in nasal potential difference upon exposure to 

high-altitude in both healthy and HAPE susceptible subjects.  Both Mairbaurl et al. (2003) 

and Mason et al. (2003) demonstrated a hyperpolarisation of NPD on ascent to altitude but 

while Mason et al. (2003) found no significant change in either the amiloride sensitive 

component of the NPD or in isoprenaline stimulated chloride secretion (though there was a 

trend towards an increase), Mairbaurl et al. (2003) found that the amiloride sensitive 

component decreased and isoprenaline stimulated chloride secretion increased.  Sartori et al. 

(2004) found no change in either baseline NPD or the amiloride sensitive current. 

 

A hyperpolarisation i.e. an increase/more negative value in the NPD would indicate there is 

either a greater movement of Na+ from the apical to the basal side of the cell or an increase in 

Cl- secretion is present.  The increase in Na+ would only serve to maintain the osmotic 

gradient and fluid movement out of the alveoli so would therefore not be seen as a marker of 

oedema accumulation.  However, amiloride blocks ENaC and increases the NPD and since 

the movement of Na+ is implicated in the removal of fluid from the alveoli it would be 
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expected that if NPD measurements were a viable surrogate measure of sub-clinical oedema 

an increase in NPD would be expected in hypoxia due to a reduction in Na+ movement. 
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Nitric oxide and high-altitude illness 

NO and its bioavailability may  have implications in the pathophysiology of AMS, HAPE 

and HACE since NO has the ability to reduce blood pressure and alter vascular tone (Rashid 

et al., 2003; Gray et al., 2006; Willmot et al., 2006).   

 

Nitric oxide and AMS 

A reduction in NO bioavailability, specifically regional cerebral NO, may be partially 

responsible for the cerebral vascular dysfunction and a subsequent increase in cerebral 

vascular pressure, over-perfusion, and a mechanical opening of the BBB, as previously 

discussed.  These events may ultimately be implicated in the pathogenesis of AMS and 

headache as discussed, while the administration of dietary L-arginine, a substrate needed for 

NO generation, at high-altitude has been shown to increase the severity of headace (Mansoor 

et al., 2005). 

 

We have recently shown a tentative increase in systemic NO bioavailability in those who 

developed AMS (Bailey et al., 2009a).  This increase could be responsible for activation of 

the trigeminovascular system (Sanchez del Rio & Moskowitz, 1999) resulting in the more 

severe headache observed in these individuals (Bailey et al., 2009a).  However, a lack of 

trigeminovascular activation has recently been seen in hypoxia and thus, trigeminovascular 

activation may not be solely responsible for the generation of headache at high-altitude 

(Bailey et al., 2009c).  
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Nitric oxide and the activation of the trigeminovascular system 

Neurovascular headache associated with AMS is not dissimilar to that of a migraine 

(Schoonman et al., 2006) and NO has previously been implicated in the generation of 

headache associated with AMS (Bailey et al., 2009a; Sanchez del Rio & Moskowitz, 1999) 

as well as in the development of migraine (Ashina et al., 2000; Olesen et al., 1993, 1994 

Vasodilatation of cerebral blood vessels and a consequent sensation of pain by nerve 

activation is thought to be primarily responsible for the pain associated with neurovascular 

headache (May & Goadsby, 1999) 

 

Migraine pain is still not fully understood but there are three factors that have to be 

considered in its development: 1) the cranial blood vessels, 2) the trigeminal innervation of 

blood vessels, 3) the reflex connections of the trigeminal system with the cranial 

parasympathetic outflow (Goadsby et al., 2002) (Figure 1-12).  Excess NO has been shown to 

promote headache (Ashina et al., 2000; Olesen et al., 1993, 1994) and the dilatation of 

cerebral blood vessels in an animal model (Akerman et al., 2002).  Blood vessels involved in 

the generation of pain are innervated by branches of the trigeminal and/or the second cervical 

spinal (C2) nerves (Goadsby et al., 2002) (Figure 1-12) and explains why migraine pain is 

associated with the frontal and temporal regions of the head.  Headaches associated with 

AMS tend to be located bilaterally (Queiroz & Rapoport, 2007) so could therefore be 

innervated via similar mechanisms.  Therefore, excess NO which could cause cerebral 

vasodilatation or even direct stimulation of the trigeminal nerve could lead to the sensation of 

headache  
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Figure 1-12 Trigeminovascular generation of headache.  Trigeminovascular input from 

dilated meningeal vessels passes through the trigeminal ganglion until synapses within the 

thalamus are reached, causing “pain” (Goadsby et al., NEJM, 2002 & Bailey, unpublished) 

 



 70 

Dynamic cerebral autoregulation 

Dynamic cerebral autoregulation (DCA) has been used an indicator of cerebral vascular 

function at high altitude (Levine et al., 1999; Jansen et al., 2000; Van Osta et al., 2005) and 

was first implicated in the development of AMS in 1975 (Lassen & Harper, 1975).  However, 

these studies have established conflicting conclusions about DCA and its relationship with 

the development of AMS.  Van Osta et al. (2005) found a slight inverse correlation between 

the autoregulatory index (ARI), a functional index of middle cerebral artery (MCA) function, 

and AMS score while Levine et al. (1999) and Jansen et al. (2000) found no relationship.  

However, our group has recently found a selective impairment in the DCA response of those 

suffering from clinical AMS after a 6hr hypoxic exposure (Bailey et al., 2009a).  Bailey et 

al., (2009a) were the only group to also assess simultaneous metabolic changes in the same 

individuals and found no relationship between changes in DCA and systemic NO 

bioavailability or indeed any differences in NO bioavailability between those who developed 

AMS and those who did not.  Zhang et al., (2004) performed a study where they limited the 

production of endogenous NO through the inhibition of eNOS and found no changes in DCA 

therefore tentatively ruling out a link between NO bioavailability and alterations in DCA. 
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Nitric oxide and HAPE 
 
The key clinical feature of HAPE is an increased pulmonary artery pressure (PAP) (Bärtsch 

et al, 1997, 2001; Hackett & Roach, 2001; Maggiorini et al., 2001; Maggiorini, 2006; West, 

2004).  One reason for this could be a reduction in the “regional” bioavailability of NO 

leading to less compliant pulmonary blood vessels and hence an increase in PAP.  A 

reduction in expired NO concentration has previously been observed in those suffering HAPE 

(Busch et al., 2001) while inhaled NO has been shown to decrease PAP in human (Anand et 

al., 1998; Scherrer et al., 1996) and animal models (Omura et al., 2000).  Recently, an 

intravenous infusion of sodium nitrite has been shown to reduce PAP and increase forearm 

blood flow in the hypoxic human model which was attributed to NO2
• mediated hypoxic 

vasodilatation (Ingram et al., 2009).  Broncho-alveolar lavage (BAL) fluid from individuals 

with HAPE shows a reduced concentration of nitrite-nitrate compared to those without HAPE 

(Swenson et al., 2002).  

 

These observations speculate that NO does contribute towards the development of HAPE.  

Berger et al., (2005) examined changes in systemic NO2
• concentrations in those susceptible 

to HAPE and their healthier counterparts.  They established that systemic NO2
• was reduced 

in those subjects who developed HAPE and concluded this may in part be responsible for the 

enhanced pulmonary vasoconstriction seen in these subjects (Berger et al., 2005).  In a 

separate study Berger and co-workers have shown a trans-pulmonary reduction in NO2
• in 

those who ascend to high-altitude.  This was inversely correlated to the systolic pulmonary 

artery pressure (Berger et al., 2009) and may have been partially responsible for the observed 

increase in PAP. 
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These findings suggest NO donors such as inhaled NO or glyceryl trinitrate (GTN) may be 

used to enhance vascular function, decrease vascular pressures, and potentially alleviate 

symptoms of HAPE.  Systemic and regional cerebral concentrations of ROS are increased in 

hypoxia (Bailey et al., 2009a, 2009b) which may subsequently limit the bioavailability of NO 

leading to vascular dysfunction.  It would therefore be plausible to suggest that the 

administration of NO or pharmaceutical interventions to enhance endogenous NO production, 

may serve to protect against these high-altitude illnesses. 

 

Antioxidants and high-altitude illness 

Antioxidant supplementation could also be beneficial in the treatment/prevention of high-

altitude illnesses.  Reports have shown that antioxidant supplementation has a positive effect 

on the reduction of ROS formation (Ashton et al., 1999; Davison et al., 2008a; 2008b) and a 

reduction in the severity of AMS symptoms (Bailey & Davies, 2001).  Reduction in ROS 

concentrations may lead to maintenance of NO bioavailability and normal vascular function, 

eliminating the problems already discussed.  Other treatments that facilitate a reduction in 

ROS could also be used in the treatment/prevention of high-altitude illness.  For example 

dexamethasone is used in the successful treatment of HACE and severe AMS (Ferrazzini et 

al., 1987; Hackett et al., 1988; Keller et al., 1995) as it has been suggested to protect against 

oxidative stress, acting as an antioxidant, which will subsequently lead to the maintenance of 

BBB integrity therefore protecting against HACE (Hackett et al., 1998). 
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Current understanding of the pathophysiology of high-altitude 

illness 

 
There is mounting evidence that inspiratory hypoxia leads to an increase in the formation of 

reactive oxygen species (ROS) and this formation can be further compounded by physical 

exercise (Bailey et al., 2003, 2004a, 2007; Davison et al., 2006).  O2
•- rapidly reacts with NO 

rendering it inactive (Gryglewsky et al., 1986; Henry et al., 1991) (Reaction 1-5).  It has been 

recently documented that ROS play a role in the development of pulmonary hypertension, 

such as that seen in HAPE (Hoshikawa et al., 2001).  ROS have also implicated in the down 

regulation of the Na-K-ATPase pump and various epithelial ion channels (Kourie, 1998; 

Mairbäurl et al., 1997, 2002; Planes et al., 1996, 1997) which may lead to the accumulation 

of fluid, particularly in the lung and possibly in brain cells.  Therefore, oxidative and nitrative 

stress could play a prominent role in the pathophysiology of high-altitude illnesses since the 

release of oxidants have been reported from both across the lung (Bailey DM, unpublished 

observations) and the brain at high altitude (Bailey et al., 2009b).   

 

To date there has been very little work carried out to establish the true role of circulating NO 

and its involvement in the development of high-altitude illnesses.  Groups have assessed 

exhaled NO concentration and its connection with HAPE while beneficial effects of inhaled 

NO have been observed (Anand et al., 1998; Scherrer et al., 1996).  Two recent studies have 

examined the role of systemic and regional NO2
• concentrations and their involvement in the 

pathophysiology of HAPE and saw a relationship between the two (Berger et al., 2005, 

2009).  Work thus far has focused primarily on the pulmonary circulation, only one other 

group has assessed the trans-cerebral kinetics of NO2
• and NO3

• in hypoxia, but not in relation 

to altitude illnesses (Peebles et al., 2008).  These studies have been limited by the number of 

NO metabolites quantified, the techniques used to quantify the metabolites and exchange 
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kinetics of these metabolites.  It is therefore still not fully understood about what effects 

hypoxia has on the metabolic fate of both systemic and regional NO bioavailability and its 

implications in the pathophysiology of high-altitude illnesses.  Additionally, NO may also be 

involved in direct stimulation of pain sensitive structures within the trigeminovascular 

system, leading to headache (Goadsby et al., 2002; Sanchez del Rio & Moskowitz, 1999) 

which could have major implications in the pathophysiology of AMS and HACE.  Previous 

studies have shown that too little NO2
• (Berger et al., 2005, 2009; Busch et al., 2001) or too 

much NO may be implicated (Bailey et al., 2009a), so the “jury” is still out.   

 

Current evidence implicates NO in the pathophysiology of high-altitude illness since NO has 

a critical role in the maintenance of vascular function and vascular dysfunction has been 

implicated in the pathophysiology of altitude illnesses.  This knowledge creates a strong, 

theoretical link between the two.   

 

This work will aim to further understand interactions between hypoxia and NO and its 

implications in the pathophysiology of high-altitude illnesses.  The current work is very novel 

as it will, for the first time, obtain a full NO metabolic profile of all major vasoactive NO 

metabolites in relation to the development of high-altitude illnesses.   

 

The current knowledge is summarised in Figure 1-13 which schematically shows the current 

trail of thoughts. 
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Figure 1-13 Current hypothetical thoughts of the pathophysiology of altitude illnesses.  AMS, acute mountain sickness; HAPE, high-altitude 

pulmonary oedema; HACE, high-altitude cerebral oedema, PAP, pulmonary artery pressure, NO, nitric oxide; ROS, reactive oxygen species; 

O2
•-, superoxide; ONOO•-, peroxynitrite; PaO2, arterial partial pressure of oxygen.
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Chapter 2 

 
 

Experimental Research 
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Overview of experimental research 
 
The current work has been completed as two major laboratory research projects.  The first 

was completed under the auspices of Professor Damian Bailey at the Neurovascular Research 

Laboratory, Faculty of Health, Sport and Science, University of Glamorgan, UK and the 

second at the Centre of Inflammation and Metabolism, Department of Infectious Diseases, 

Rigshospitalet, University of Copenhagen, Denmark under the auspices of both Professor 

Damian Bailey and Professor Bente Pedersen.  

 

Specific aims and objectives  

Study 1 – Hypoxia & nitric oxide metabolism; focus on systemic 

circulation 

 
 
The major objective behind the current work was to establish the metabolic consequences of 

inspiratory hypoxia and physical exercise.  The primary focus was to concentrate on 

“systemic” NO concentrations available to elicit functional, physiological changes, referred 

to as “bioavailability”. 

 

Specific aims being:- 

 

1. To establish if there is any link between changes in systemic NO metabolites and 

NPD, used as a surrogate measure of sub-clinical oedema, the precursor to HAPE. 

 

2. To establish if there is a link between potential changes in systemic NO 

bioavailability and the development of AMS.  
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3. To establish the effects of a maximal hypoxic exercise challenge on systemic NO 

bioavailability and NPD measurements. 

 

Hypothesis (Figure 2-1) 

Current working hypothesis: -   

“External stressors hypoxia and physical exercise will cause a reduction in pO2 

and initiate a metabolic cascade that will consequently result in a systemic 

reduction in NO bioavailability.  Reductions in NO will be more pronounced in 

those who develop clinical AMS due to greater hypoxaemia and greater 

metabolic disruption in these individuals.  Since symptoms of AMS typically 

precede HAPE decreases in NO bioavailability will be correlated to changes in 

NPD”.
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Figure 2-1 Schematic overview of the working hypothesis (Study 1)
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Study 2 – Trans-cerebral exchange kinetics of nitric oxide during 

hypoxia; implications for the pathophysiology of AMS 

 

 
The primary focus of this study will concentrate on “regional” cerebral NO concentrations 

and exchange kinetics.  Specific aims being:- 

1. To establish a NO metabolite profile from across the cerebral circulation i.e. arterial 

and venous NO metabolite concentrations and the effects of hypoxia on this profile. 

 

2. To establish if there is any relationship between potential changes in “regional” 

(trans-cerebral) NO bioavailability and the development of AMS.  

 

3. We would also like to investigate the potential re-apportionment of NO metabolites 

across the cerebral circulation in normoxia and hypoxia and to establish if this has any 

influence on the development of AMS 

Hypothesis 

Current working hypothesis: -   

“Compared to normoxia, environmental hypoxia will be associated with a reduction in 

both radial arterial and jugular venous pO2, rendering the brain hypoxic.  These 

reductions will promote the formation of ROS and a subsequent reduction in trans-

cerebral NO bioavailability.  The magnitude of the reduction in NO bioavailability will 

be directly related to the severity of AMS symptoms.  Hypoxia will be associated with a 

“re-apportionment” of NO metabolites”. 

 

Limited data is available regarding circulating NO bioavailability and its contribution to the 

pathophysiology of high-altitude illnesses.  The current work will hope to gain a greater 

knowledge of NO metabolism and its involvement in the pathophysiology of high-altitude 

illnesses. 
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Chapter 3 

 
 

General methodology 
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Acute mountain sickness 
 

The clinical diagnosis of moderate to severe AMS was confirmed if subjects presented with a 

combined total Lake Louise (LL) score (self assessment + clinical scores) of ≥ 5 points 

(Roach et al., 1993) (Appendix 1) and Environmental Symptoms Questionnaire – Cerebral 

(ESQ-C) score ≥0.7 points (Sampson et al., 1983) (Appendix 2).  Questionnaires were 

completed following a 6hr passive exposure to 12% O2 in Study 1 and after a 9hr passive 

exposure to 12.9% O2 in Study 2.  This criterion has previously been used for the diagnosis of 

clinical AMS (Bailey et al., 2006; 2009a; Kallenberg et al., 2007).  Based on our previous 

observations, we anticipated this criterion would result in 50% of the subjects developing 

moderate to severe AMS with the remainder staying comparatively healthy (Bailey et al., 

2006; 2009a; Kallenberg et al., 2007).  Various other criteria have been used for the diagnosis 

of AMS.  According to Roach et al. (1993) a LL score of ≥3 points is all that is needed for 

diagnosis.  This criterion brings various problems as it is a very conservative approach and it 

only identifies very mild AMS as individuals can present with a LL score of ≥3 points at se-

level independent of hypoxia.  The combination of a LL score of ≥5 points and an ESQ-C 

score of ≥ 0.7 points will bring the “signal out of the noise” so we a re sure individuals are 

suffering AMS. 

 

Cephalalgia 
 
Headache was assessed using a clinically validated visual analogue scale (VAS) (Iversen et 

al., 1989) (Appendix 3).  Briefly, it consisted of a horizontal line (0-100mm) with various 

descriptive marks, 0mm - no headache, 10mm - mild (pressing/throbbing), 50mm – moderate 

and 100mm – incapacitating.  Subjects were asked to mark the line at a position that best 

described the severity of their headache.  Descriptive characteristics of the headache were 
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also noted, these included headache location i.e. frontal, temporal, diffuse and phonotypical 

descriptions i.e. pulsatile, throbbing, or constant. 

 

 

Blood collection & preparation 
 
Study 1 (Systemic): Venous blood samples were collected from an indwelling catheter (18G, 

BD Venflon, UK) placed in an anticubital forearm vein.  A low flow infusion of 0.9% saline 

was constantly administered to avoid stasis.  The first blood sample was obtained 30min after 

catheter placement. 

 

Study 2 (Trans-cerebral): Right internal jugular venous (Arrow™ Central Venous 

Catheterization Set, 18GA, 20cm) and radial arterial (BD Arterial Cannula with FloSwitch™, 

20G/1.10mm x 45mm) catheters were placed under local anaesthesia (1% lidocaine) by an 

experienced anaesthetist (K. Møller).  The tip of the jugular venous cannula pointed cranially 

to avoid contamination from blood draining from the facial veins (Bailey et al., 2009b, 

2009c; Taudorf et al., 2009).  The first blood samples were obtained 30min after catheter 

placement. 

 

Blood preparation: All bloods were treated identically.  Blood was collected into an 

ethylenediaminetetraacetic acid (EDTA) vacutainer (BD, UK) and immediately spun at 2500 

rpm for 10min at 4oC.  Once separated plasma and RBC fractions were placed in separate 

aliquots, flash frozen in liquid nitrogen and stored at -80oC until future analysis.  Samples 

were treated as quickly as possible due to rapid reactions between NO and Hb (Hakim et al., 

1996; Gladwin et al., 2004; Rassaf et al, 2004) and the short half-life of NO2
• in blood of 

approximately 10min (Dejam et al., 2005; May et al., 2000).    
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NO quantification - Ozone based chemiluminescence 

 
Many techniques have been developed for the detection of NO and NO metabolites in 

biological samples.  High performance liquid chromatography (HPLC), electron 

paramagnetic resonance spectroscopy (EPR), fluorescence based enzyme-linked 

immunosorbent assay (ELISA) and chemiluminescence are the most commonly used 

techniques for the detection of NO in biological samples.  The present research incorporated 

an ozone-based chemiluminescence (OBC) technique that had been slightly modified (Rogers 

et al., 2005) from the original technique first described by Samouilov & Zweier (1998).   

 
 
Ozone chemiluminescence (NOA Model 280i, Sievers, USA), arguably the most sensitive 

technique to quantify NO and its associated metabolites in biological samples (MacArthur et 

al., 2007; Nagababu & Rifkind, 2007; Pelletier et al., 2006; Wang et al., 2006; Yang et al., 

2003), was employed to measure NO and associated metabolites.  This assay uses a strong 

acidic tri-iodide reagent that reduces NO metabolites back to NO at high temperatures 

(≈50oC).  This technique enables nanomolar (nM) concentrations of NO to be detected.  

Various chemical compounds are added to the tri-iodide reagent in order to cleave NO from 

different NO metabolites within the same biological sample.  The intra and inter-assay co-

efficient of variation (CV) for all NO metabolites using this technique is 7% and 10% 

respectively (Bailey et al., 2009a). 

 

Plasma samples were treated as described previously (Yang et al., 2003); these techniques 

were further modified for the detection of RBC associated NO species (Rogers et al., 2005).  

Samples were injected (Hamilton gas tight syringe, USA) into the reagent through a gas tight 

septum junction (Figure 3-1).  The strong acidic reagent reduces the various NO metabolites 

back to NO gas which is carried to the Nitric Oxide Analyser (NOA) via a 1M sodium 
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hydroxide (NaOH) trap, which serves to remove all impurities, by the inert gas nitrogen (N2).  

N2 gas was kept at a constant flow rate of ≈200cm3/min (200ml/min) (Figure 3-1) and did not 

have any detrimental effects on measured NO concentrations.  Gases then enter the NOA 

where NO reacts with ozone (O3) in a reaction chamber.  When NO comes into contact with 

O3 it reacts rapidly to produce nitrogen dioxide (NO2), O2 and light (Equation 3-1): 

 
   
 

NO + O3    NO2 + O2 + light (hv) 
 
Equation 3-1 NO reaction with ozone. NO, nitric oxide; NO2, nitrogen dioxide; O3, ozone; 

O2, oxygen 

 

 

Some of the NO2 produced is in an “excited” state.  When in this state the electrons of the 

molecule are unstable and they loose energy when returning to their ground sate.  This energy 

can either be quenched by other gas molecules or released as a photon (light, hv) (Equation 3-

1) (Hampl et al., 1996; Yang et al., 1997; Pelletier et al., 2006).  The majority of the light 

produced is emitted within the lower ranges of the infrared spectrum (640-900nm) (Hampl, et 

al., 1996; Yang et al., 1997).  Light is detected by a photomultiplier (PMT) and converted to 

an electrical signal that is visible on the NOA software (NOAnalysis 3.21). 
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Figure 3-1 Schematic of purge vessel set-up.  NO, nitric oxide; O3, ozone; NO2, nitrogen 

dioxide; O2, oxygen; hv, light (photon) energy; NaOH, sodium hydroxide; PMT, 

photomultiplier.  Samples are injected into the reaction chamber through the rubber septum 

where NO metabolites are reduced back to NO in the reagent.  NO gas is then carried away 

with the inert gas N2 via a NaOH trap to the Nitric Oxide Analyser (NOA) (Rogers S.C & 

Pinder, A.G, unpublished) 
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Reagents and solutions: 

 
The various reagents and chemical compounds used in the assay are as follows: 

 

Tri-iodide (I3
-
) (67mM KI; 28mM I2 (44mM final):  Each morning of analysis fresh 

reagent was prepared as previously described (Yang et al., 2003).  Briefly, 1g of potassium 

iodide (KI) was dissolved in 20mls of HPLC grade water and added to 70mls of acetic acid 

(CH3COOH) and 650mg of iodine (I2).  This was then left to mix on a magnetic stirrer at 

room temperature until all residue was dissolved (≈30min). 

 

Acidified sulphanilamide (290mM):  500mg of sulphanilamide powder was mixed with 

10ml of 1M hydrochloric acid (HCL) in a universal tube and kept in the dark.  Fresh solution 

was made at the start of every week. 

 

Sulphanilamide water: 1ml of 290mM acidified sulphanilamide was mixed with 10ml of 

HPLC grade water. 

 

Potassium ferricyanide (25mM) [F3Fe
III

(CN)6]:  823mg of [F3FeIIII(CN)6]  was mixed with 

10ml of HPLC grade water and kept in the dark on ice.  Fresh solution was made daily. 

 

Mercury chloride (50mM) (HgCl2): 67.9mg of HgCl2 was mixed with 5ml of HPLC grade 

water.  Fresh solution was made daily. 

 

Sodium hydroxide (1M) (NaOH): 16g of NaOH was mixed with 400ml of HPLC grade 

water.  The solution was changed if it became “contaminated” with I3
-. 
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Sodium nitrite (10mM) (NaNO2
•
):  69mg of NaNO2

• was mixed in 100ml of HPLC grade 

water.  This was freshly made every 4 or 5 days.   

 

Sodium nitrate (10mM) (NaNO3
•
): 85mg of NaNO3

• was mixed in 100ml of HPLC grade 

water.  This was freshly made every 4 or 5 days.   

 

Vanadium (III) chloride (50mM) (VCl3): 785mg of vanadium (III) chloride was mixed in 

80ml of 1M HCL and 20ml HPLC grade water.  The solution was filtered before use. 

 

Antifoam: 20µl of Antifoam 204 was placed directly into the reaction chamber. 

 

All chemicals were purchased from Sigma-Aldrich, Gillingham, UK except for acetic acid, 

HPLC water and hydrochloric acid that was obtained from Fisher Scientific, Loughborough, 

UK. 
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Detection of plasma NO metabolites 
 

 
Plasma nitrite (NO2

•
) and S-nitrosothiols (RSNO):  Plasma samples were quantified 

according to established techniques (Yang et al., 2003).  Exactly 4.5ml of I3
- reagent was 

placed in the reaction chamber along with 20µl of antifoam.  Plasma was thawed for three 

minutes at 37oC in a water bath.  During this time the nitric oxide analyser (NOA) was left 

until a stable baseline was obtained.  Exactly 200µl of fresh plasma was injected into the 

purge vessel (Figure 3-2) and the syringe was repeatedly washed with HPLC water.  This 

measurement incorporated NO2
• and RSNO concentrations (see below) but excluded the 

plasma NO3
• concentration.  Plasma NO3

• was measured separately (see below).  Acidified 

sulphanilamide (290mM) was used to remove NO2
• from the sample (Nagababu & Rifkind, 

2007). 

 
 
 
 
 
 
 
 
 
 
 

          Nitrite + RSNO 
          
 

       RSNO 

 
Figure 3-2 Plasma NO metabolite quantification  
 

 

 
Plasma RSNO: After thawing, exactly 270µl of plasma was mixed with 30µl of 290mM 

acidified sulphanilamide (10% vol/vol) in a separate aliquot and left to incubate in the dark 

for 15 minutes.  After 15min exactly 200µl of the acidified sulphanilamide and plasma 

Plasma 

200 µl 270 µl plasma 
& 

30 µl Acidified sulphanilamide 
(290mM) 
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solution was injected into the same reagent (Figure 3-2).  The syringe was repeatedly washed 

with HPLC and the reagent was changed.   

 

Plasma NO2
•
:  This was derived rather than directly measured.  It was calculated by the 

subtraction of the plasma RSNO concentration from the plasma NO2
• + plasma RSNO 

concentration. 

 

Total plasma NO (NOx): Total plasma NO concentration was a measure of all NO 

metabolites within the plasma compartment.  This measurement includes NO2
•, RSNO, NO3

• 

and all other NO species resistant to sulphanilamide pre-treatment.  Exactly 20µl of plasma 

was injected into the reaction vessel that contained 4ml of saturated vanadium (III) chloride 

(VCl3) and 20µl of antifoam at very high temperatures (≈80-85oC).  This reduced all NO 

metabolites back to NO; similar protocols have been previously used and validated (Ewing & 

Janero, 1998).  Plasma samples were measured in duplicate and a mean of at least 2-3 similar 

magnitude peaks was made.  The VCl3 reagent was changed every 3 or 4 plasma samples 

depending on the number of injections made. 

 

 
Plasma nitrate (NO3

•
): NO3

• was calculated by the subtraction of the NO2
• + RSNO signal 

from the NOx signal. 
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Detection of red blood cell NO metabolites 
 
A modified chemiluminescence technique (Rogers et al., 2005) was employed to analyse 

RBC NO metabolite concentrations.  Exactly 7.2ml of I3
- reagent, 0.8ml of 25mM 

[F3FeIII(CN)6] and 20µl of antifoam was placed in the purge vessel.  RBC’s were thawed for 

three minutes at 37oC in a water bath.  First 200µl of RBC’s was mixed with 800µl of 

sulphanilamide water, 1:4 (RBC : sulphanilamide water) ratio (Solution 1) and 270µl of this 

solution was mixed with 30µl of HgCl2 (Solution 2).  These solutions were left to incubate in 

the dark at room temperature for 15min.  Acidified sulphanilamide (290mM) and HPLC 

water solution was used to remove NO2
• from the sample (Nagababu & Rifkind, 2007) and to 

reduce the viscosity of the RBC sample. 

 
Total RBC  NO  (RBC NO2

• 
+ Hb-bound NO) (tNO): Exactly 100µl of “neat” RBC’s were 

injected directly into the purge vessel for the analysis of Hb-bound NO.  This included Hb-

SNO, Hb-NO and RBC NO2
• (Figure 3-3).  Once this trace had been completed the reagent 

was changed.  

 

Haemoglobin bound NO: A 200µl injection of the 1:4 (RBC : sulfanilamide water) solution 

(solution 1) was injected to obtain an Hb-SNO + Hb-NO concentration (Figure 3-3).  Dilution 

effects were taken into consideration when reporting the final concentrations. 

 

Nitrosylhaemoglobin (Hb-NO, Hb-Fe
II

NO):  After 15min incubation, 200µl of solution 2 

(see above) was injected into the same reagent as the RBC haemoglobin bound NO sample 

(solution 1) (Figure 3-3).  Dilution effects were taken into consideration when reporting the 

final concentrations. 
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S-nitrosohaemoglobin (Hb-SNO): This was derived from the subtraction of the Hb-NO 

(solution 2) concentration from the RBC haemoglobin bound signal (solution 1). 

 

RBC nitrite (NO2
•
): This was calculated by the subtraction of the Hb-SNO + Hb-NO (Hb-

FeIINO) (solution 1) concentration from the signal produced from the 100µl of “neat” RBC’s 

(Figure 3-3).   

 
 
 
 
 
 
 
 
 
 
 
 
 

NO2
•
 + Hb-NO + Hb-SNO 

 
 

                                                       Hb-NO + Hb-SNO        
                                                 (NO2

• 
removed) 

 

 

          

 

Hb-NO 
     (Hb-SNO removed) 
 

Figure 3-3 Red blood cell NO metabolite quantification                                               
 
 
 
 
 
 
 
 

 

 

 

100 µl 200 µl RBC 
& 

800 µl sulfanilamide water 

270 µl 
& 

30 µl HgCl2 
(50mM) 

RBC 
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Standard curve  

 
Known concentrations of sodium nitrite (NaNO2)

 were injected into the NOA.  The area 

under the resultant curve (AUC/concentration) was calculated and plotted against the known 

solution concentrations.  The gradient of this line was established and used as a correction 

factor for the actual measured concentrations of the experimental samples.  Six injections 

were made: HPLC water, 62.5nM, 125nM, 250nM, 500nM and 1000nM (Figure 3-4).  HPLC 

water was injected first so its concentration could be subtracted from the concentration of the 

other injections as this water was used to dilute the original 10mM, NaNO2 stock solution.  

Sodium nitrate (NaNO3
•) standards were run for the analysis of NOx.  Known concentrations, 

HPLC water, 6,250nM, 12,500nM, 25,000nM, 50,000nM and 100,000nM, of NaNO3
• were 

injected.  Separate standards were run for 100µl, 200µl, and 20µl sample volumes. 

  

Raw data from the NOA (Figure 3-5a) was imported into additional software (Origin 7.5, 

OriginLab, USA) where traces were “smoothed” (adjacent average of 150 points) and final 

concentrations were established using the AUC of this smoothed trace (Figure 3-5b).  This 

process enabled a more accurate concentration to be recorded. 
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Figure 3-4 Sodium nitrite standard curve 
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Figure 3-5 Raw (A) and smoothed (B) NOA traces of a typical plasma sample obtained form 

the venous circulation 
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Nasal potential difference (NPD) 
 

NPD was measured as described previously (Knowles et al., 1981; 1982) with modification 

(Mason et al., 2003) (Figure 3-6).  NPD measurements were used as a surrogate marker of 

sub-clinical pulmonary oedema which has been used in previous studies (Mairbäurl et al., 

2003; Mason et al., 2003; Sartori et al., 2004). 

 

 

Figure 3-6 Nasal potential difference set up showing forearm reference and nasal exploring 

electrode   (Kersting et al., 1998) 

 

Subjects were placed in a supine position with their head and shoulders elevated (≈30o).  A reference 

lead consisting of a sterile 18-gauge cannula (BD Venflon) was inserted into an anticubital vein. The 

exploring, or recording, lead consisted of a soft 5 Fr umbilical vessel catheter (Tyco Healthcare, 

Ireland) which was perfused with 0.9% saline at a rate of approximately 0.5ml/min.  Both leads were 

connected via matched single use electrodes to a battery-operated high impedance voltmeter (Fluke 

189 Multimeter, USA).  The umbilical vessel catheter of the exploring electrode was inserted along 

the inferior surface of the inferior turbinate in the nose (Figure 3-6).  The catheter was taped in place 

once the maximum, most stable potential difference was obtained.  The distance into the nostril
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was noted so repeated measurements could be made at the same location.  The mean CV of this 

measurement has been reported to be between 14% and 33% (Yaakov et al., 2007) whereas the 

current calculated CV was between 19% and 55%. 

 

The nose was superfused with the following solutions: 

• 0.9% saline 

• 0.9% saline + 10-4 M amiloride to block the epithelial sodium channel (ENaC) 

• Water + 10-4 M amiloride +10-5 M isoproterenol in a low chloride solution (sodium 

gluconate) to stimulate chloride (Cl-) secretion 

 

Each solution was superfused at 0.5 ml/min for 5min.  Potential differences were 

continuously recorded during perfusion on a laptop.  Data reported is an average over a 

period of the most stable 10sec during the last 3min of perfusion. 
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Cerebral blood flow (CBF) 

 
Global CBF was measured by the Kety-Schmidt method using inhaled 5% nitrous oxide 

(N2O) as the tracer gas (Kety & Schmidt, 1948a) in the de-saturation phase (Madsen et al., 

1993).  This technique has recently been validated with a CV of 12% (Taudorf et al., 2009).  

Subjects inhaled 5% N2O with 21% or 12.9% O2, balanced with nitrogen (N2) in a closed 

system with a reservoir bag, via a tight fitting mask and exhaust valve.  Flow rates for N2O, 

O2 and N2 were 800ml/min, 200ml/min and 15l/min respectively.  After 30 minutes 

inhalation the N2O supply was stopped and the O2 flow rate was adjusted to maintain the 

relevant concentration.   

 

At pre-specified times from 2 minutes before stopping and until 15 minutes after stopping the 

inhalation of N2O, 12 sets of paired synchronised blood samples were drawn from the arterial 

and the jugular bulb catheter into gastight syringes at specified time points (-2,-1, 0, 0.5, 1, 2, 

3, 4, 6, 8, 10, 15 min), N2O was stopped at 0min.  Air bubbles were immediately removed 

and syringes were sealed and placed on ice until all samples had been collected.  1 ml of each 

sample was transferred to a Hamilton glass syringe and equilibrated against air in a water 

bath at 37ºC for at least 90 minutes.  Further studies established full equilibration occurred 

between 30 and 60min and the concentrations remained constant for at least 8hr (Taudorf, 

unpublished observations). 

 

Following equilibration, N2O concentration in the gas phase was subsequently measured 

using photoacoustic spectroscopy (Innova Photoacoustic Field Gas Monitor 1412, Brüel & 

Kjaer, Denmark).  The analyser was flushed with N2 between samples in order to avoid cross 

contamination; the sensitivity and repeatability of this analyser were 0.03 parts per million 

and 1% respectively.  
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The following equation was used for the calculation of CBF (Figure 3-7): 

 
 

Where Cjv and Ca are the concentration of N2O in jugular-venous and arterial blood, 

respectively, and t is the time of the sample in minutes.  λ is the brain-blood partition 

coefficient for N2O and was calculated from data reported from Kety et al. (1948) using: 

 

λ  = λ  = λ  = λ  = 1.167 - (0.026 x Hct), where Hct is the haematocrit in %. 

 

Figure 3-7 shows a typical graph generated during the calculation of CBF showing the decay 

in N2O concentration after the termination of inhalation.  The area between the arterial and 

venous curve is needed for the calculation of CBF as well as the venous concentration at time 

0, indicated on Figure 3-7. 
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Figure 3-7 Cerebral blood flow measurements using the Kety-Schmidt method.  N2O 

concentration in % of equilibrium concentration.  CBF, cerebral blood flow, N2O, nitrous 

oxide (Taudorf et al., Acta Anaesthesiol Scand, 2009).   

 

Global CBF was expressed in ml/min/100g assuming an average brain mass of 1400g 

(Dekaban, 1978).  A correction factor was incorporated into the blood flow measurements in 

order to correct for the hypocapnia associated with being exposed to hypoxia and the 

vasoconstrictive effect this will have on cerebral blood vessels (Ainslie & Ogoh, 2009; 

Norcliffe et al., 2005; Taudorf et al., 2009).  This correction factor assumes that a 1mmHg 

decrease in PaCO2 will result in a 3% decrease in CBF (Taudorf et al., 2009). 

 

 
Corrected CBFHYP =   measured CBFHYP 

                                 [1+ (PaCO2HYP - PaCO2NORM) x 0.03)] 
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Cerebral exchange: Cerebral exchange kinetics of NO metabolites were calculated using the 

Fick principle (Fick, 1870).  Plasma and RBC metabolites were corrected for plasma and 

RBC flow as calculated below:  

 

Cerebral plasma flow (CPF) was calculated as: 

 

  Plasma flow (ml/100g/min) = CBF(1-Hct)  

 

Cerebral plasma net exchange was calculated as:  

 

  Plasma net exchange (g/min) = CPF x a-vdiff 

 

The net exchange of RBC metabolites was calculated as: 

 

  RBC exchange (g/min) = (CBF x Hct) x a-vdiff 

 

Where a-vdiff is the difference between the arterial and venous concentrations and a positive 

exchange value indicates a net influx (uptake) and a negative exchange value indicates net 

efflux (output) across the brain.  The inhalation of N2O had no adverse effects on the 

concentration of plasma or RBC NO2
• (Taudorf et al., 2009), we can therefore be confident 

that the use of N2O would have not have effected measured NO metabolite concentrations. 
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Chapter 4 

 
 

Experimental Chapter 

 
Study 1: Hypoxia & nitric oxide metabolism; focus on systemic 

circulation. 

 

Study 2: Trans-cerebral exchange kinetics of nitric oxide during 

hypoxia; implications for the pathophysiology of AMS. 
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Study 1 

 
 

Hypoxia & nitric oxide metabolism; focus on 

systemic circulation 
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Introduction 
 
AMS is thought to be a neurological condition encountered by many who ascend to high-

altitude (Roach & Hackett, 2001).  Symptoms are potentially made worse with a fast ascent 

rate, if there is marked physical activity involved and/or if there is a known susceptibility to 

the condition (Bärtsch, et al., 2004; Hackett & Roach, 2001; Roach et al., 2000, Schneider et 

al., 2002).  Recent speculation has implied that cerebral vascular dysfunction may contribute 

toward the development of AMS (Bailey et al., 2004b, 2006).  While the key clinical 

symptom of HAPE is an elevated pulmonary artery and pulmonary capillary pressures 

(Bärtsch et al, 1997, 2001; Hackett & Roach, 2001; Maggiorini et al., 2001; Maggiorini, 

2006; West, 2004).  In both AMS and HAPE vascular dysfunction seems to somehow be 

involved in their pathophysiology, whether it is cerebral vascular dysfunction in the case of 

AMS/HACE or pulmonary vascular dysfunction in the case of HAPE.  

 

NO, a potent endogenous vasodilator is critical in the maintenance of vascular function 

(Ignarro et al., 1987; Palmer et al,. 1987).  It is therefore possible that systemic 

concentrations of NO may play a role in the pathogenesis of AMS and HAPE.  Mounting 

evidence suggests hypoxia and exercise initiate an increase in the generation of reactive 

oxygen species (ROS), which is amplified with a combination of the two stressors (Bailey et 

al., 2003, 2004a, 2007; Davison et al., 2006).  The free radical superoxide (O2
•-) is 

abundantly produced during mitochondrial respiration in most tissues (Cadenas & Davies, 

2000; Han et al., 2001; Turrens, 2003; Murphy, 2009).  The O2
•- anion reacts rapidly with 

NO (Gryglewsky et al., 1986; Henry et al., 1991) rendering NO inactive and produces 

peroxynitrite (ONOO-) (Reaction 1-5) at a near diffusion limited rate (k ≈6.7x 109 Μ s-1) 

(Kelm, 1999). 
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Nitric Oxide (NO) + Superoxide (O2
•-
)                   Peroxynitrite (ONOO

-
) (k ≈6.7 x109 Μ s-1) 

 
Reaction 1-5 Reaction between O2

•-and NO 

 

Cerebral vascular dysfunction caused by a reduction in the bioavailability of NO may lead to 

an increase in cerebral vascular pressure and subsequent over-perfusion.  Cerebral over-

perfusion may lead to the development of extracellular vasogenic cerebral oedema (Hackett 

et al., 1998; Hackett & Roach, 2004) and a subsequent increase in intracranial pressure (ICP) 

(Hackett, 1999).  Increases in ICP may lead to the activation of pain sensitive structures 

within the trigeminovascular system leading to the sensation of headache (Sanchez del Rio & 

Moskowitz, 1999), which is seen as the major characteristic of AMS (Bärtsch et al., 2004; 

Hackett & Roach, 2001; Roach & Hackett, 2001).  Excess NO has previously been 

implicated in the development of vascular type headaches including migraine (Olesen et al., 

1993, 1994, 1995) and the type of headache associated with AMS is indistinguishable to that 

of migraine (Schoonman et al., 2006).  More recently NO has been implicated in activation of 

the trigeminovascular system and the formation of neurovascular headache (Sanchez del Rio 

& Moskowitz, 1999) and AMS (Bailey et al., 2009a).  However, Bailey and co-workers have 

recently shown a lack of trigeminal activation in the setting of AMS headache (Bailey et al., 

2009c).  This was seen through a lack of change in trans-cerebral concentrations of the 

neuropeptide galcitonin gene-related peptide (CGRP); this is released subsiuqent to 

trigeminal activation in migraine (Goadsby et al., 1990) and the lack of change may rule out 

the direct activation of the trigeminovascular systemin AMS. 

 

As well as being implicated in a metabolic pathogenesis of HAPE, due to a ROS or NO 

mediated vascular dysfunction (Bailey, 2003; Berger et al., 2005, 2009; Roche & Romero-

Alvira, 1994), ROS have also been implicated in the down regulation of the Na-K-ATPase 
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pump and various epithelial ion channels (Kourie, 1998; Mairbäurl et al., 1997, 2002; Planes 

et al., 1996, 1997).  These changes will result in alterations in the osmotic gradient across the 

lung epithelium and will therefore compromise the removal of fluid from the alveoli.  An 

excessive increase of alveolar fluid is known as sub-clinical pulmonary oedema and can 

progress to HAPE after prolonged periods at high-altitude.  A technique called nasal potential 

difference has been developed to assess changes in Na-K-ATPase pump and ion channel 

activity (Knowles et al., 1981; 1982) and has more recently been used as an indirect marker 

of sub-clinical oedema and HAPE in a high-altitude setting (Mairbäurl et al., 2003; Mason et 

al., 2003; Sartori et al., 2004).      

 

Therefore, we currently hypothesise that an acute exposure to normobaric hypoxia (12% O2) 

will cause systemic concentrations of NO to decrease subsequent to an anticipated increase in 

ROS.  Due to those individuals who develop AMS being more hypoxaemic (Roach et al., 

1998; Hussain et al., 2001; Bailey et al., 2009a) a more pronounced decrease in NO 

bioavailability and NPD will be evident in these individuals and will result in a greater 

severity of headache and sub-clinical pulmonary oedema, seen by greater alterations in NPD.  

The addition of a maximal exercise challenge will further compound these metabolic effects. 
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Current aims & objectives  

The major objective behind the current work was to establish the metabolic consequences of 

inspiratory hypoxia and physical exercise.  Specific aims being:- 

 

1. To establish if there is any link between changes in systemic NO metabolites and 

NPD, used as a surrogate measure of sub-clinical oedema, the precursor to HAPE. 

 

2. To establish if there is a link between potential changes in systemic NO 

bioavailability and the development of AMS.  

 

3. To establish the effects of a maximal hypoxic exercise challenge on systemic NO 

bioavailability and NPD measurements. 

 

Hypothesis 

Current working hypothesis: -   

“External stressors hypoxia and physical exercise will cause a reduction in pO2 

and initiate a metabolic cascade that will consequently result in a systemic 

reduction in NO bioavailability.  Reductions in NO will be more pronounced in 

those who develop clinical AMS due to greater hypoxaemia and greater 

metabolic disruption in these individuals.  Since AMS typically precedes HAPE 

decreases in NO bioavailability will be correlated to changes in NPD”.
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Methodology 

 
Experimental design (Figure 4-1):  Following university ethical approval and the collection 

of written informed consent (Appendix 4) subjects were exposed for eight hours to 

normobaric hypoxia (12% O2) with controlled humidity (≈50%) and temperature (≈21oC).  

Exposure took place in an environmental chamber (Design Environmental, UK) at the 

University of Glamorgan.  All measurements were first completed in normoxia.  During 

exposure subjects were asked to remain inactive in a supine position on a bed provided.  

After 6hrs of normobaric hypoxic exposure measurements were repeated and subjects then 

undertook a maximal cycle exercise challenge (Monark 870, Sweeden) at approximately 

6.5hrs.  Measurements were again repeated immediately after the exercise challenge and all 

but NPD were repeated two hours into recovery.  Subjects were required to maintain a 

cadence of 70rpm throughout the test while power output was increased by 35watts at the end 

of each minute of exercise.  Exercise was terminated when the subject felt they could no 

longer continue or their cadence dropped below 60rpm for more than 10sec.  Expired gases 

were collected (Douglas bag method) during the final minute of maximal exercise for the 

measurement of maximum O2 consumption (VO2Max) while exercising heart rate, SaO2 and 

blood pressure were measured continuously using finger photoplethysmography (Portapress, 

TPD Biomedical Instrumentation, Netherlands).  Water was always available while a protein 

shake (1.25% cocoa powder, 0.16% chocolate flavouring, 0.1% aspartame and 98.49% pure 

whey isolate protein powder) made with water (700ml water : 50g powder) was made 

available after 3hrs.  Subjects were advised to have breakfast prior to starting but were told 

not to consume fatty food as these have been shown to elevate circulating ROS 

concentrations and impair vascular function (Anderson et al., 2001).  

 
 
 



 108 

 

          
Figure 4-1 Experimental protocol 

All measurements taken at time points indicated i.e. venous bloods, LL, ESQ-C & VAS.  A 

maximal exercise challenge was performed at ≈6.5hrs 

Note – Nasal potential difference measurements were not performed at Hypoxia-Recovery 

 

Subjects – Eighteen apparently healthy male subjects aged 26 ± 6yrs were recruited from the 

University of Glamorgan undergraduate population.  All subjects were free from and had no 

family history of any underlying pathologies.  All were non-smokers and had refrained from 

alcohol for at least 48hrs prior to the experimental day.  Subjects were asked to maintain their 

habitual food and fluid intake but were asked to stop taking any non-essential supplements 

such as antioxidants and anti-inflammatory drugs, three weeks prior to exposure.  

 

Subject exclusion criteria - 

• Age < 18 years and > 40 years 

• Previous exposure to high-altitude within the previous 6 weeks 

• Obesity (BMI > 30 kg/m2) 

• History of significant cardio-respiratory disease or suffering from diabetes 

• Use of inhaled or oral β2 agonists; sympathomimetics; corticosteroids, or nasal 

medication 

• Allergy to any of the products used in the study  

• Previous nasal trauma or surgery 

 

Passive normobaric hypoxia (12%O2) 
0hr 6hr ≈6.5hr 8hr 

Hypoxia 
Exercise 

Hypoxia 

Rest 

Normoxia 
Rest 

Hypoxia   
Recovery 
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Measurements  
 

Nasal potential difference: NPD measurements were used as a surrogate marker of sub-

clinical pulmonary edema as used previously (Mairbäurl et al., 2003; Mason et al., 2003; 

Sartori et al., 2004).  NPD was measured as described previously (Mason et al., 2002) (pages 

94 - 95), in normoxia (NORMOXIA-REST), at rest in hypoxia (HYPOXIA-REST) and 

immediately following completion of the exercise challenge (HYPOXIA-EXERCISE).   

 

Metabolic analysis: Venous bloods were colleted into an EDTA vacutainer and immediately 

processed and stored until future analysis (page 82).  Plasma and RBC NO metabolite 

concentrations were subsequently quantified using ozone-based chemiluminescence (pages 

83 - 93). 

 

Cardiovascular parameters: Heart rate (HR) and mean arterial pressure (MAP) were 

measured beat-by-beat using the established technique of finger photoplethysmography 

(Portapress, TPD Biomedical Instrumentation, Netherlands).  SaO2 was continually measured 

using finger pulse oximetry (515C, Novametrix Medical Systems, USA).   

 

Lung function: Forced vital capacity (FVC), forced expiratory volume in one second (FEV1) 

and peak expiratory flow (PEF) were recorded using established techniques (Super Spiro, 

MicroMedical, UK). 

 

AMS: Subjects completed both the Lake Louise questionnaire (Roach et al, 1993) (Appendix 

1) and ESQ-C (Sampson et al, 1983) (Appendix 2) and were diagnosed with AMS (moderate 

to severe) if they presented with a cumulative Lake Louise score (self assessment + clinical 
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score) of ≥ 5 points and an ESQ-C score ≥ 0.7 points at the 6hr time point (Bailey et al., 

2006) (page 81). 

 

Cephalalgia: Headache was assessed using a clinically validated visual analogue scale (VAS) 

(Appendix 3) (Iversen et al., 1989) (pages 81 - 82).  

 

Statistical Analysis: All analyses were performed using the SPSS social statistics package 

(Version 16).  Following application of Shapiro-Wilks tests and mathematical confirmation 

of distribution normality, a two factor mixed analysis of variance (ANOVA) was applied to 

selected dependent variables to compare differences between subjects with and without AMS 

(AMS+ vs. AMS-).  This incorporated one within (condition: normoxia vs. hypoxia vs. 

exercise vs. recovery) and one between (group: AMS+ vs. AMS-) subjects factor.  Following 

a simple main effect and interaction, a paired samples t-test was employed to make a 

posteriori comparisons at each level of the within-subjects factor.  Between-group 

comparisons were assessed using independent samples t-tests applied to each level of the 

between-subjects factor.  Significance for all two-tailed tests was established at an alpha level 

of P < 0.05 and data are expressed as a mean ± standard deviation (SD). 
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Results  

 
AMS and headache 

Of the 18 volunteers, 50% (9 of 18) were diagnosed with clinical AMS after 6hrs passive 

exposure (Table 4-1).  Headache severity was increased in hypoxia and AMS was associated 

with a greater headache severity (Table 4-1). 
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Table 4-1 Acute mountain sickness and headache scores 
 

 

Values expressed as mean ± SD; AMS-, subjects without acute mountain sickness; AMS+, subjects with acute mountain sickness; LL, Lake 

Louise score; ESQ-C, Environmental Symptoms Questionnaire Cerebral score.  * Different to NORMOXIA-REST, † Different between groups 

(P < 0.05).   

 

 

 

Group: AMS- (n = 9) AMS+ (n = 9) 
Condition: Normoxia- 

Rest 

Hypoxia- 

Rest 

Hypoxia- 

Exercise 

Hypoxia- 

Recovery 

Normoxia-

Rest 

Hypoxia- 

Rest 

Hypoxia-

Exercise 

Hypoxia-

Recovery 

 
5 ± 2* 

 
5 ± 3* 

 
1 ±1* 

 
8  ± 3*† 

 

LL  

(points) 

 

 
0 ± 1 

 
4 ± 2* 

Group and condition effect/Group x Condition 

 
8 ± 3*† 

 
6 ± 3* 

 
0.934 ± 0.815* 

 
0.693 ± 0.574* 

 
0.011± 0.033 

 
1.975 ± 1.283*† 

 
1.396 ± 1.021* 

 
1.321 ± 0.929* 

 

ESQ-C 

(AU) 

 

 
0.031 ± 0.047 

 
0.383± 0.220* 

Group and condition effect/Group x Condition   

 
18 ± 25 

 
14 ± 22 

 
0 ± 0 

 
47 ± 27*† 

 
36 ± 18* 

 
31 ± 16* 

 

Headache 

score  

(mm) 

 

 
1 ± 2 

 
6 ± 9 

Group and condition effect/Group x Condition   
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Nasal potential difference  

NPD data presented is based on 13 full sets of data due to data collection problems which 

meant data was not collected or there were issues with the collected data.  Measurements 

obtained in normoxia were similar to those reported elsewhere (Mairbäurl et al., 2003; Mason 

et al., 2003; Sartori et al., 2004).  No differences were observed in the total NPD (tNPD), the 

amiloride (amNPD) sensitive or the chloride sensitive (ClNPD) components of the NPD at 

any time point when group (Table 4-2) or AMS+ vs. AMS- (Table 4-3) data was analysed.
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           Table 4-2 Group NPD measurements 

 
Condition: Normoxia  

Rest 

Hypoxia 

Rest 

Hypoxia 

Exercise 

    
Total NPD (mV) -20.5 ± 5.8 -21.8 ± 6.5 -22.8 ± 6.4 
 
∆ (mV)  -1.3 ± 7.2 -2.3 ± 5.7 
    
Amiloride NPD (mV) -12.6 ± 4.7 -12.2 ± 5.6 -13.7 ±7.6 
 
∆ (mV)  0.4 ± 5.1 -1.1 ± 6.4 
    
Chloride NPD (mV)  -23.5 ± 6.6 -29.5 ± 9.3         -29.3 ± 11.1 
 
∆ (mV)  -6.0 ± 9.2 -5.8 ± 11.1 

     
    Values expressed as mean ± SD; ∆, delta value (relative to NORMOXIA-REST).   

    NPD, Nasal potential difference.  In summary these findings indicate that neither  

    HYPOXIA nor EXERCISE influence NPD recordings.  If sub-clinical oedema  

    were evident it would be seen by increased i.e. less negative, NPD recordings
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Table 4-3 AMS- and AMS+ NPD data 

 
Group: AMS- (n = 7) AMS+ (n = 6) 

Condition: Normoxia  

Rest 

 

Hypoxia 

Rest 

Hypoxia 

Recovery 

Normoxia 

Rest 

 

Hypoxia 

Rest 

Hypoxia 

Recovery 

       
Total NPD (mV) -23.3 ± 4.9 -24.2 ± 5.0 -15.1 ± 6.8 -17.3 ± 5.5 -19.1 ± 7.4 -20.1 ±5.0 
   
∆ (mV)  -0.9 ± 5.4 -1.9 ± 6.5  -1.9 ± 9.5 -2.8 ± 5.1 
       
Amiloride NPD (mV) -14.8 ± 5.0 -12.8 ± 7.1 -15.9 ± 9.3 -10.0 ± 5.0 -11.5 ± 3.8 -24.4 ± 8.5 
   
∆ (mV)  2.0 ± 5.5  -1.1 ± 8.1  -1.5 ± 4.4 -1.2 ± 4.6 
       
Chloride NPD (mV) -26.2 ± 5.2 -33.8 ± 8.0 -30.9 ± 8.8 -20.1 ± 5.0 -11.1 ± 4.5 -27.4 ± 14.0 
   

∆ (mV)  -7.7 ± 9.3 -4.7 ± 7.6  -4.1 ± 9.5 -7.1 ± 15.0 
   

                       Values expressed as mean ± SD; AMS-, subjects without acute mountain sickness (AMS); AMS+, subjects with  

                       acute mountain sickness.  ∆, delta value (relative to NORMOXIA).  NPD, nasal potential difference.  If sub-clinical  

                       oedema were evident it would be seen by increased i.e. less negative, NPD recording. 



 116 

Nitric oxide metabolites 

 

Group Data: 

 
Plasma NO: An overall reduction in NOx of approximately 50% was observed during hypoxia and 

this remained reduced throughout the exposure (Figure 4-2).  This reduction was primarily brought 

about by a decrease in NO3
• (Figure 4-2).  However, there was also a reduction in NO2

• immediately 

post-exercise (Figure 4-2).  HYPOXIA-REST and HYPOXIA-RECOVERY concentrations were not 

different to normoxic baseline concentrations (Figure 4-2). 
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Figure 4-2 Group plasma NO metabolite concentrations (n=18) *Different to 

NORMOXIA-REST.  NOx, all NO metabolites; NO3
•, nitrate, NO2

•, nitrite; RSNO, 

S-nitrosothiols.  Hypoxia per se resulted in a decrease in total NO (NOx) 

concentration due to a reduction in NO3
• which remained reduced throughout the 

exposure.  A reduction in NO2
• was seen immediately post exercise but returned to 

baseline concentrations during recovery.  
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tNO                  Hb-NO                Hb-SNO                NO2
- 

RBC NO: A significant increase in both tNO and NO2
• concentrations between HYPOXIA-

EXERCISE and HYPOXIA-RECOVERY was observed during the current protocol (Figure 

4-3).  Increases in tNO were partially due to the increases in NO2
•.  There was also an 

increase in Hb-SNO at HYPOXIA-RECOVERY from NORMOXIA-REST (Figure 4-3).   
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Figure 4-3 Group RBC NO metabolite concentrations (n =18).  *Different to NORMOXIA-

REST, †Different to HYPOXIA-EXERCISE (P < 0.05).  tNO, total NO; Hb-NO (Hb-

FeIINO),  nitrosylhaemoglobin; Hb-SNO,  S-nitrosohaemoglobin; NO2
•, nitrite.  Hypoxia and 

exercise had little effect on RBC NO metabolite concentrations although an increase in tNO 

was observed at HYPOXIA-RECOVERY, as a result of increases in Hb-SNO and NO2
•. 
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AMS Data: 

Plasma NO: There were no observed differences between AMS+ or AMS- in any of the 

plasma NO borne metabolites (NO3
•, NO2

•, RSNO) at any time point (Figure 4-4 & 4-5).  

However, a reduction over time in NOx and NO3
• was observed while a selective reduction in 

NO2
• was also observed (Figure 4-4 & 4-5).  There was a general reduction in NOx, primarily 

due to a reduction in NO3
•, in hypoxia.  This remained reduced throughout the exposure and 

was not affected by exercise (Figure 4-4 & 4-5).  A significant reduction in the delta changes 

of NO2
• from NORMOXIA-REST to HYPOXIA-EXERCISE was observed in both AMS+ 

and AMS-, this was reduced at HYPOXIA-RECOVERY in AMS- only (Figure 4-5). 
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Figure 4-4 AMS+ vs. AMS- plasma NO concentrations (AMS+: n = 9; AMS-: n = 9). * 

Different to NORMOXIA-REST, †Different to HYPOXIA-REST (P < 0.05).  NOx, All NO 

metabolites; NO3
•, nitrate; NO2

•, nitrite; RSNO, S-nitrosothiols.  Hypoxia per se resulted in a 

drop in total NO (NOx) concentration due to a reduction in nitrate (NO3
•) which remained 

reduced throughout the exposure.  Main effect for time in NOx, NO3
• and NO2

• (P < 0.05).   
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Figure 4-5 AMS+ and AMS- plasma metabolite changes relative to NORMOXIA (n=18).  

NOx, All NO metabolites; NO3
•, nitrate; NO2

•, nitrite; RSNO, S-nitrosothiols.  *Different to 

HYPOXIA-REST; †Different HYPOXIA-EXERCISE.  Main effect for time in NO2
• (P < 

0.05).
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RBC NO: No differences were was between any of the RBC NO metabolites (Figure 

4-6).  No differences were observed in the delta changes of RBC metabolites relative 

to NORMOXIA between AMS+ and AMS- (Figure 4-7).
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Figure 4-6 AMS+ vs AMS- RBC NO concentrations (AMS+: n = 9; AMS-: n = 9).  tNO, total NO; Hb-NO (Hb-FeIINO), nitrosylhaemoglobin; 

Hb-SNO, S-nitrosohaemoglobin; NO2
•, nitrite. A, NORMOXIA-REST; B, HYPOXIA-REST; C, HYPOXIA-EXERCISE; D, HYPOXIA-

RECOVERY. 
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Figure 4-7 AMS+ and AMS- RBC metabolite changes relative to NORMOXIA.  (AMS+: n = 9; AMS-: n = 9).  tNO, total NO; Hb-NO (Hb-

FeIINO), nitrosylhaemoglobin; Hb-SNO, S-nitrosohaemoglobin.  A main effect for time was seen in tNO (P < 0.05).  †Different to HYPOXIA-

EXERCISE in AMS+
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Figure 4-8 Relationship between SaO2 and NO3

• in AMS+ (▲- solid line) and AMS- 

(■ - dotted line).  A lack of relationship was observed, however there was a tendency 

for there to be less NO3
• available with a lower SaO2.  SaO2, arterial haemoglobin 

oxygen saturation; NO3
•, nitrate. 

 

 

 

-60

-40

-20

0

20

40

60

-25 -20 -15 -10 -5 0

 
Figure 4-9 Relationship between change (delta: HYPOXIA-EXERCISE minus 

NORMOXIA) in SaO2 and Hb-SNO concentrations in AMS+ (▲- solid line) and 

AMS- (■ - dotted line).  AMS+ was associated with a significant correlation while 

AMS- was not.  SaO2, arterial haemoglobin oxygen saturation; Hb-SNO, S-

nitrosohaemoglobin. 

AMS+: r = 0.797 P < 0.05 (solid line) 
AMS-: r = 0.350 P > 0.05 (dotted line) 
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Pulmonary function: 
 
No differences were observed in any of the pulmonary function measurements at any 

time points or between AMS+ and AMS- (Table 4-4). 

 

Cardiovascular data: 

Selective differences were observed in the cardiovascular parameters measured.  An 

expected reduction in SaO2 was observed throughout the exposure which was 

independent of AMS (Table 4-5).  Hypoxia was associated with an increase in heart 

rate which was augmented with exercise (Table 4-5).  However, HYPOXIA-

EXERCISE heart rate was lower in AMS+ compared to AMS- (Table 4-5). 

 
 
 

 

 

 



 
 

127 

 
Table 4-4 Pulmonary function data 
 

 

Values expressed as mean ± SD; AMS-, subjects without acute mountain sickness; AMS+, subjects with  AMS;  FVC, forced vital capacity; 

FEV1, forced expiratory volume in 1 second; PEF, peak expiratory flow. 

 

 

 

 

 

Group: AMS- (n = 9) AMS+ (n = 9) 

Condition: NORMOXIA-REST HYPOXIA-REST HYPOXIA-EXERCISE NORMOXIA-REST HYPOXIA-REST HYPOXIA-EXERCISE 

 

FVC 

(L) 
 

 
4.95 ± 0.68 

 
4.88  ± 0.85 

 
4.98  ± 0.72 

 

 
5.44  ± 0.83 

 
4.95  ± 1.00 

 
5.21 ± 0.82 

 

 

FEV1  

(L/min) 

 

 
4.02  ± 0.63 

 
4.04  ± 0.71 

 
4.10  ± 0.62 

 
4.51  ± 0.76 

 
4.26  ± 0.63 

 
4.46  ± 0.62 

 

PEF 

(L/min) 

 

 
533 ± 49 

 
549 ± 54 

 
543 ± 68 

 
608 ± 82 

 
569 ± 104 

 
553 ± 94 

 

VO2Max 

(ml/kg/min) 

 

 
                                                                            37 ± 11 

 
                                                                            32 ±13 
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Table 4-5 Cardiovascular data 

 

Values expressed as mean ± SD; AMS-, subjects without acute mountain sickness; AMS+, subjects with AMS; SaO2, arterial blood saturation; 

PvCO2, venous partial pressure of carbon dioxide.*Different from NORMOXIA-REST (P < 0.05), † Different between group (P < 0.05).  Blood 

gases were not available at HYPOXIA-EXERCICE or HYPOXIA-RECOVERY.

Group: AMS- (n = 9) AMS+ (n = 9) 

Condition: NORMOXIA- 

REST 

HYPOXIA-

REST 

HYPOXIA-

EXERCISE 

 HYPOXIA-

RECOVERY 

NORMOXIA- 

REST 

HYPOXIA-

REST 

HYPOXIA- 

EXERCISE 

 HYPOXIA- 

RECOVERY 

 
93 ± 14* 

 

 
63 ± 11 

 

Heart rate 

(b/min) 

 
67 ± 12 

 
82 ±16 

 
105 ± 12* 

Condition effect 

 
82 ± 10* 

 
92 ± 11*† 

 
87 ± 10* 

 
83 ± 8 

 
79 ± 7 

 

Mean arterial 

pressure 

(mmHg) 

 
84 ± 3 

 
 

 
81 ± 8 

 
 

 
74 ± 9* 

 
 

Condition effect 

 
86 ± 8 

 
 

 
79 ± 12 

 
 

 
82 ±14 

 
 

 
81 ±7* 

 
98 ± 1 

 

SaO2  

(%) 

 
97 ± 1 

 

 
84 ± 5* 

 
 

 
87 ± 6* 

  

Condition effect 

 
80 ± 5* 

 
 

 
84 ± 5* 

 
 

 
82 ± 7* 

 
 

 

PvO2 

(mmHg) 

 
39.4 ± 6.0 

 
26.5 ± 3.7* 

 
 

 
 

 

 

41.2 ± 6.2 
 

22.6  ± 3.4*† 

 
 

 

 

 

PvCO2 

(mmHg) 

 
47.1 ± 3.6 

 
39.1 ±  4.3* 

 
 

 

 
 

44.2 ± 3.5 
 

37.4 ± 5.1* 
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Discussion` 
 
The aim of the current work was to establish, for the first time, if there was any 

connection between the development of AMS and systemic concentrations of NO.  It 

was also of interest to investigate the potential development of sub-clinical oedema 

and its relationship to the bioavailability of systemic NO.  The specific hypothesis 

was that hypoxia and physical exercise will initiate a series of metabolic events which 

will lead to a reduction in systemic bioavailability of NO and these metabolic changes 

will be more evident in those who develop clinical AMS due to greater hypoxemia 

and increased ROS formation generally observed in these individuals.  As symptoms 

of AMS typically precede HAPE (Hackett et al., 1976; Bärtsch, personal 

communication), decreases in NO bioavailability will be correlated to changes in 

NPD.  

 

Current data suggests neither acute hypoxia, exercise nor AMS influence changes in 

lung epithelium ion transport, as seen by a lack of change in the surrogate measure of 

NPD.  Hypoxia per se was associated with a general reduction in plasma NOx which 

was maintained throughout the exposure (Figures 4-2 & 4-4).  However, the 

bioavailability of the plasma borne vocative metabolite NO2
• was not affected by 

hypoxia alone (Figures 4-2 & 4-4), whereas the superimposition of exercise decreased 

plasma NO2
• (Figures 4-2 & 4-4).  This reduction was not counteracted by a reduction 

in RBC NO; RBC’s could have released NO in order to maintain the plasma NO 

metabolite pool.  A “rebound” effect in RBC tNO and NO2
• during the recovery phase 

of hypoxia was also evident (Figure 4-3).  This may have served as storage pool of 

NO in order to conserve its bioavailability.  
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Differences in NO metabolites were independent of AMS although there seemed to be 

a tendency towards an increase in NO bioavailability, relative to normoxia, 

specifically RBC NO metabolites, in AMS+ (Figure 4-7).  This was contrary to our 

original hypothesis and thus, a somewhat unexpected finding. 

 

Oxidative stress: 

Previous studies have demonstrated that hypoxia and exercise act independently to 

increase oxidative stress as indicated by an increase in free radical mediated lipid 

peroxidation (Bailey et al., 2003, 2004a, 2007; Davison et al., 2006).  ROS can be 

generated in a number of ways; release from the mitochondrial transport train and the 

oxidation of hypoxanthine through actions of the enzyme xanthine oxidase being two 

important generators of O2
•- (Berry & Hare, 2004; Murphy, 2009).  Recent evidence 

suggests that a decrease in the intracellular partial pressure of O2 (PicO2) may prove 

the unifying mechanism behind these observed increases with preliminary evidence in 

support of this notion being available (Bailey et al., 2004a).   

 

The current study combined hypoxia and exercise so large decreases in PicO2 would 

be expected as shown previously (Richardson et al., 1995, 1999, 2001).  The current 

work showed a reduction PvO2 at HYPOXIA-REST (Table 4-5), while PvO2 data was 

not available at any other time points, PvO2 may have been reduced further at 

HYPOXIA-EXERCISE.  Alternatively, PvO2 may have increased as a consequence of 

observed increases in SaO2 at HYPOXIA-EXERCISE (Table 4-5).  However, 

oxidative stress was increased at HYPOXIA-EXERCISE (data not shown) indicating 

there was a reduction in PvO2 or oxidative stress was initiated by another means.  

Increases in O2
•- would eventually lead to increases in the highly damaging hydroxyl 
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radical (OH•), hence greater lipid peroxidation, along with increases in systemic lipid 

hydroperoxides (LOOH).  Increases in the α-phenyl-tert-butylnitrone (PBN) adduct 

concentration would also be expected.  These metabolites are seen as secondary, 

downstream markers of the initiating free radicals; therefore, increases in these would 

indicate increases in oxidative stress.  Ascorbate is a powerful in vivo antioxidant that 

neutralises free radicals (Frei et al., 1989).  This interaction produces the ascorbate 

free radical (A•-) which is readily detected by electron paramagnetic resonance 

spectroscopy (EPR) and has also been used as a marker of oxidative stress (Buettner 

& Jurkiewicz, 1993). 

 

It was not the primary focus of the current work to comment on or present the 

findings on the effect of hypoxia and exercise on levels of oxidative stress; it is well 

established that both physiological stressors initiate an increase in oxidative stress 

(Bailey et al., 2003, 2004a, 2007, 2009a; Davison et al., 2006).  We would therefore 

have been confident this would have also been the case in the current study.  Increases 

in A•- and LOOH concentrations were seen in the present study (Bailey et al., 2009a).  

Briefly, ROS concentrations were increased at HYPOXIA-REST and more 

augmented at HYPOXIA-EXERCISE (Bailey et al., 2009a).  It was important to 

ascertain levels of ROS as O2
•- rapidly reacts with NO rendering it inactive 

(Gryglewsky et al., 1986); at a near diffusion limited rate (Kelm, 1999) (Reaction 1-

5). 

 

Reaction 1-5 

Nitric Oxide (NO) + Superoxide (O2
•-
)                 Peroxynitrite (ONOO

-
) (k ≈6.7 x109 

Μ s-1) 
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Nitric oxide metabolism:  

Endogenous NO production is facilitated through a reaction between the amino acid 

L-arginine and O2, which is catalysed by eNOS (Figure 1-8) (Leone et al., 1991).  

During hypoxic exposure there is a reduction in O2 availability so this reaction may be 

rate-limited and NO generation hindered (Rengasamy & Johns, 1996; Whorton et al., 

1997).  Hypoxia and ROS have also been associated with a down regulation of eNOS 

(Phelan & Faller, 1996; Faller, 1999), which would also serve to attenuate 

endogenous production of NO.  Infusion of the NO substrate L-arginine has 

previously been shown to increase L-citrulline, a by-product of the L-arginine–eNOS 

reaction (Figure 1-8), in normioxa and at an altitude of 4,350 meters but the increase 

at high-altitude was not as substantial as that observed in normoxia (Schneider et al., 

2001).  This showed that NO production was enhanced after the administration of L-

arginine but was blunted in hypoxia.  This observation was speculated to be due to a 

reduction eNOS activity (Schneider et al., 2001).  However, work by Steiner and co-

workers has tentatively excluded a reduction in O2 availability as being a rate limiting 

factor in the endogenous generation of NO (Steiner et al., 2002).  These observations 

may suggest that other mechanisms are responsible for the reduction in NO generation 

i.e. as ROS mediated pathway (Baliley et al., 2009b). 

 

The reduction in NOx was primarily due to a reduction in NO3
•.  NO3

• is generated 

through a reaction between NO or NO2
• and oxyHb (Reaction 1-2) (Figure 1-8) 

(Doyle et al., 1981).  Therefore, as hypoxia is associated with a reduction in oxyHb it 

would be expected to limit this reaction and reduce the generation of NO3
•.  This 

seemed plausible since hypoxia in the current study was associated with a reduction in 

NO3
• (Figures 4-2 & 4-5).  However, there was a lack of relationship observed in both 
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AMS+ and AMS- between SaO2 and NO3
• (AMS+, r = 0.595 P > 0.05 and AMS-, r = 

0.352 P > 0.05) (Figure 4-8).  Although, this lack of relationship may be as a 

consequence of small sample sizes as there was a tendency for there to be a greater 

concentration of NO3
• with a higher SaO2 (Figure 4-8). 

 

Reaction 1-2 oxyHb + NO   metHb + NO3
• (6-8 x107 Μ s-1) 

(Doyle et al., 1981) 
 
 

Reductions in plasma NO3
• would not realistically be associated with vascular 

dysfunction associated with hypoxia as NO3
• is seen as a stable, physiological inactive 

NO metabolite (Kelm, 1999; Lauer et al., 2002).  A previous study has shown that 

stimulation and inhibition of eNOS created increases and decreases in forearm blood 

flow and these changes were attributed to increases and decreases in NO2
• (Lauer et 

al., 2001).  However, during the same study plasma NO3
• concentrations were 

unchanged in either protocol, thus ruling out its involvement in the observed vascular 

alterations to facilitate an increase in blood flow (Lauer et al., 2001).  NO3
• reduction 

in the current study was probably as a result of the reduced pO2 associated with 

hypoxia.   

 

Individuals who are more hypoxaemic, such as those who develop AMS (Bailey et 

al., 2009a; Hussain et al., 2001; Roach et al., 1998), will have a greater concentration 

of deoxyHb.  There is mounting evidence that deoxyHb facilitates the reduction of 

NO2
• back to NO (Reaction 1-4).  This NO is then able to alter vascular tone by 

initiating smooth muscle relaxation.  (Cosby et al., 2003; Crawford et al., 2006; Doyle 

et al., 1981; Lundberg & Weitzberg, 2005; Nagababu et al,. 2003).  
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Reaction 1-4   deoxyHb + NO2
• + H+ NO + metHb + OH-(k=0.35 M s-1) 

(Doyle et al., 1981) 
 

The maximum NO2
• reduction rate occurs at a Hb saturation of between 40-60% or a 

pO2 of between 20-40mmHg (Huang et al., 2005) regardless of whether it is venous 

or arterial blood.  NO generated in this way is free to bind to un-reacted deoxyHb and 

form Hb-NO (Reaction 1-3).   

 

Reaction 1-3 deoxyHb + NO  Hb-NO (Hb-FeIINO) (2-6 x107 Μ s-1) 

(Doyle et al., 1981) 
 
 

A lower pO2 will be seen in individuals who are more hypoxemic therefore, a greater 

concentration of Hb-NO would also be expected in these individuals i.e. one would 

anticipate more in the AMS+ group.  However, current data shows there were no 

differences in either plasma or RBC NO2
• and Hb-NO between AMS+ and AMS- 

(Figures 4-4, 4-5, 4-6 & 4-7), which is contrary to this reaction and what would be 

theoretically expected (Doyle et al., 1981).  A reduction in SaO2 during hypoxia 

should have also theoretically resulted in a decrease in NO2
•.  However, no correlation 

was observed between the changes in SaO2 and changes in plasma NO2
•. 

 

There is substantial evidence that RBC’s are important in the transport of NO to 

hypoxic tissue (Singel & Stamler, 2005; Gladwin, 2006).  However, the lack of 

change in group and AMS+ vs. AMS- RBC data excludes this in the present study 

(Figures 4-3, 4-6 & 4-7), although there was a trend towards more RBC NO 

availability in AMS+ relative to NORMOXIA (Figure 4-7).  No relationships were 

observed between changes in SaO2 or changes in any RBC NO metabolites at any of 



 
 

135 

the time points in AMS+ or AMS-.  However, a relationship was observed between 

changes in SaO2 and Hb-SNO, relative to NORMOXIA at HYPOXIA-EXERCISE in 

AMS+ only (Figure 4-9).  This relationship showed that the greater the decrease in 

SaO2 the less the increase in Hb-SNO.  This may indicate that Hb-SNO is being 

reduced due to a reduction in SaO2 as increases in Hb-SNO were less the more 

desaturated individuals became.  As SaO2 and pO2 decrease it would have been 

expected to see a decrease in Hb-SNO as NO is released in response to Hb 

deoxygenating (Jia et al., 1996; Staler et al., 1997).  The trend of current data would 

agree with Hb-SNO being reduced with greater reductions in SaO2 although the trend 

line is currently too high to fully appreciate this (Figure 4-9).  This relationship may 

also indicate there is an optimal reduction/level of pO2/SaO2 needed to facilitate the 

release NO form Hb-SNO (Figure 4-9).  Alternatively, it may be as a consequence of 

different pO2 values effecting the apportionment of NO metabolites as previously 

suggested (Rogers et al., 2007).  This is the more feasible explanation as no changes 

were seen in absolute RBC NO metabolite concentrations (Figure 4-6). 

  

After observing a reduction in group plasma NO2
• upon completion of exercise 

(Figure 4-2) we would have also been confident in seeing a difference between AMS+ 

and AMS-.  Although there was reduction in both AMS+ and AMS- plasma NO2
• 

there was no difference between the two groups (Figure 4-4).  AMS+ individuals are 

generally more hypoxaemic than AMS- (Roach et al., 1998; Hussain et al., 2001; 

Bailey et al., 2009a), therefore, we would have expected to see differences between 

AMS+ and AMS- since the current data showed that SaO2 decreased more markedly 

at HYPOXIA-REST, in AMS+ compared to AMS- (AMS+, -18 ± 5% vs. AMS-, -13 

± 5%, P < 0.05).  Ths reduction in SaO2 and the related increase in deoxyHb should 
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have facilitated the reduction of NO2
• back to NO (Doyle et al., 1981; Cosby et al., 

2003; Nagababu et al., 2003; Crawford et al., 2006; Lundberg & Weitzberg, 2005; 

Gladwin, 2006) (Reaction 1-4).  Increases in deoxyHb could also have resulted in 

increases in Hb-NO (Reaction1-3).  However, no within or between subject 

differences in any NO metabolites of the plasma and RBC compartments were 

observed. 

 

If NO3
• was the only NO metabolite to be quantified it could be easily concluded that 

NO bioavailability is reduced under hypoxic conditions.  To a certain extent this is 

true but NO3
• is seen as a stable end product of NO metabolism and is a poor marker 

of NO vasoactivity (Kelm, 1999; Lauer et al., 2002).  It would therefore not be of any 

real physiological importance in the context of the current study.  Dietary NO3
• intake 

was not strictly controlled in the preceding days before the experiment.  Subjects were 

asked to maintain their habitual food intake but to refrain from ingesting foods that 

contained high levels of NO3
• such as green leafy vegetables (Wang et al., 1997).  

Subjects were advised to have a high carbohydrate breakfast on the experimental 

morning while a standardised protein shake was supplied during the experimental day.  

These restrictions would have hoped to keep dietary NO3
• contamination to a 

minimum.  Additionally, the quantification of urine NO3
• would have given an idea of 

the amount of NO3
• excreted and given an idea to where the NO3

• went.  However, as 

NO3
• is found in such high concentrations, micromolar rather than nanomolar i.e. three 

orders of magnitude greater, it could be argued that the measurement of this 

metabolite is not entirely necessary in terms of vascular function as already 

established (Kelm, 1999; Lauer et al., 2002).   
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As differences were only observed in certain plasma metabolites after exercise it may 

have meant that it was only after exercise there was enough oxidative damage/stress 

to inactivate substantial amounts of NO.  This may be seen as evidence that a ROS 

“threshold” is needed in order to inactivate NO, which has been speculated in similar 

physiological mechanisms (Steiner et al., 2002).  The current study showed increases 

in ROS at HYPOXIA-REST which was augmented after exercise (data not shown).  

However, there was a tendency for RBC associated NO to increase in AMS+ (Figure 

4-7), despite the fact these individuals showed greater levels of oxidative stress (data 

not shown).  A tendency for a decrease in plasma NO metabolites was also observed 

in AMS+ (Figure 4-5) which may have been caused as a consequence of the increase 

in RBC NO concentrations i.e. a reduction in plasma NO results in an increase in 

RBC NO in hypoxic situations, as previously suggested (Rogers et al., 2007).   

 

This could lead to the question of whether it is plasma or RBC NO concentrations that 

may influence the development of AMS, and whether too much NO may have a 

detrimental effect.  Excess NO has been implicated in the pathophysiology of vascular 

type headache, such as that experienced during migraine (Olesen et al., 1993, 1994, 

1995).  NO has also been shown to influence the actions of trigeminovascular 

nocioceptors which can result the sensation of headache and AMS at high-altitude 

(Bailey et al., 2009a, 2009c; Fanciullacci et al., 1997; Sanchez del Rio & Moskowitz, 

1999).  Vasodilatation of cerebral blood vessels and a consequent sensation of pain 

via nerve activation are thought to be responsible for the pain associated with 

neurovascular headache (May & Goadsby, 1999).  Blood vessels involved in the 

generation of this type of pain are innervated by branches of the trigeminal and/or the 

second cervical spinal (C2) nerves (Goadsby et al., 2002) (Figure 1-12).  Therefore, 
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the greater the availability of NO the more these vessels should be able to dilate (Van 

Mil et al., 2002) and potentially a greater severity of headache. 

 

There was a tendency for there to be an increased RBC NO bioavailability throughout 

the exposure (Figure 4-7) in AMS+ compared to AMS-, but these tendencies were not 

found to be statistically significant.  This could mean that rather than the observed 

increases in ROS, such as A•-, LOOH (Bailey et al., 2009a), scavenging NO they may 

have implications in reducing NO bioactivity.  This may then facilitate the vascular 

dysfunction associated with high-altitude.  A ROS mediated down-regulation of 

soluble guanylyl cyclase (sGC) and/or cGMP-dependant protein kinase I activity has 

previously been reported (Münzel et al., 2005) and these are needed to facilitate 

changes muscle/vascular tone through the actions of NO.   

 

Nasal potential difference: 

A number of studies have used NPD measurements in a high-altitude setting as a 

surrogate measure of sub-clinical pulmonary oedema (Mairbaurl et al., 2003; Mason 

et al., 2003; Sartori et al., 2004).  Results of these studies have been conflicting.  

Mairbaurl et al., (2003) and Mason et al., (2003) both demonstrated a 

hyperpolarisation in total NPD i.e. an increase or more negative value, which was 

thought to be due to an increase in Na+ absorption or an increase in Cl- secretion 

(Mason et al., 2003).  However, Masaon et al., (2003) showed no alteration in the 

amiloride sensitive channel (ENaC) while Mairbaurl et al., (2003) showed a decrease.  

Mairbaurl et al., (2003), in a separate laboratory experiment at the same FIO2 as the 

current work, also found no change in any component of NPD which is consistent 

with our current findings.  However, Sartori et al. (2004) did show there were 
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alterations in NPD in those susceptible to HAPE, due to a reduction in Na+ absorption.  

This indicates that ion transport mechanisms may, in some way, be involved in the 

pathogenesis of sub-clinical pulmonary oedema and HAPE.  If ion transport 

mechanisms, specifically Na+ via ENaC, were implicated in the pathophysiology of 

sub-clinical pulmonary oedema and HAPE it would have been expected for there to 

be alterations in the measured NPD such as those observed by Sartori et al., (2004).   

 

It was of interest to note that all NPD components were slightly higher in AMS+ 

compared to AMS-; this was not significant (Table 4-3).  An increase in oxidative 

stress subsequent to greater hypoxaemia observed in these individuals may have been 

responsible for this.  ROS have been implicated in the down regulation of ENaC and 

various other epithelial ion channels (Kourie, 1998; Mairbäurl et al., 1997, 2002; 

Planes et al., 1996, 1997) and this may have facilitated these slight NPD differences.  

However, lack of change in NPD relative to NORMOXIA-REST (Table 4-3) and 

comparable SaO2 measurements (Table 4-5) between AMS+ and AMS-, tentatively 

excludes this possibility. 

 

The lack of change in any of the components of NPD (Tables 4-2, 4-3) in the current 

study could have a number of important implications. (1) The technique is not 

sufficiently sensitive for the measurement of ion transport.  The drying of the nasal 

mucosa due to the low humidity experienced at high-altitude has also been implicated 

in the changes observed at terrestrial high-altitude (Mairbäurl et al., 2003). This was 

not relevant in the current study since humidity was maintained at approximately 

50%. (2) Ion transport is not implicated in the development of HAPE. (3) Duration of 

exposure was not substanstial enough for individuals to develop sub-clinical 
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pulmonary oedema and potential changes in NPD to be dectected. Recently, concerns 

have been raised over the validity of NPD measurements as a marker of HAPE as 

various influences can have an effect on the measurement (Mairbäurl, 2006).  These 

include the effect of the dry and cold air associated with high-altitude, the positioning 

of the exploring electrode on the inferior turbinate, how representative the nasal 

epithelium is of the lung epithelium, and certain pharmacological interventions, all of 

which have showed to have an effect on NPD measurements (Mairbäurl, 2006).   

 

Pulmonary function: 

No alterations in FVC, FEV1 or PEF were observed throughout the current study 

(Table 4-4).  Previous studies have concluded that FVC decreases with prolonged 

exposure to high altitude, thought to be primarily due to an increase in sub-clinical 

oedema (Mason et al., 2000, 2003).  This could be further evidence that there was 

insufficient time for sub-clinical oedema to develop in the current study.  HAPE 

usally presents after an extended period at high-altitude of between 2-4 days days 

(Bärtsch, 1997; Bärtsch et al., 2005; Maggiorini, 2006) and potential changes in NPD 

may not be fully evident after a comparavitely short hypoxic exposure.  However, 

NPD measurements are used as a “pre-marker” of sub-clinical pulmonary oedema and 

alterations in NPD may be present before the actual development of  sub-clinical 

pulmonary oedema and HAPE. 
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Conclusions: 

The current study showed there was a general decline in total NO concentration 

(NOx), primarily due to a reduction in NO3
•, in hypoxia and this decrease was not 

augmented by physical exercise.  However, hypoxic exercise was associated with a 

reduction in plasma NO2
• concentration.  Reductions in NO2

• may be due to either a 

reduction in NO generation subsequent to a reduction in substrate availability 

(Rengasamy & Johns, 1996) and/or a down regulation of eNOS  (Phelan & Faller, 

1996; Faller, 1999) or the reduction of NO2
• back to NO mediated by increases in 

deoxyHb during exercise (Reaction 1-4).  Observed changes in NO metabolism were 

independent of AMS which suggests changes seen are independent of increases in 

oxidative stress. AMS+ showed a greater degree of oxidative stress throughout the 

hypoxic exposure (Bailey et al., 2009a) but there were no observed differences in NO 

metabolism between the groups. 

 

Hypoxia was associated with a general reduction in plasma borne NO metabolites 

while a generation of Hb-bound NO was observed.  This may imply that plasma NO 

is reduced back to NO (Reaction 1-4) and subsequently “recaptured” by Hb to 

regenerate Hb-bound NO.  Similar mechanisms have been observed across the 

pulmonary and coronary circulations which have been attributed to changes in pO2 

and termed a NO “re-apportionment” (Rogers et al., 2007).  These observations have 

shown there is no general loss of the vasoactive NO metabolites but rather they 

migrate between NO species.  It was of interest to note that AMS+ was associated 

with a generally lower NO profile in normoxia which was reversed in hypoxia, where 

more NO was generated compared to AMS- (Figure 4-7).  This may be implicated in 

the generation of headache since NO has been shown to be implicated in the 
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generation of headache associated with high-altitude, through activation of the 

trigeminovascular system (Sanchez del Rio & Moskowitz, 1999). 

 

NPD was not altered by hypoxia or exercise.  This may indicate flaws in the technique 

as recently suggested (Mairbäural, 2006), lung epithelium ion transport is not affected 

by hypoxia or exercise, ion transport is not implicated in the development of sub-

clinical oedema or the duration of exposure was not sufficient enough to develop sub-

clinical pulmonary oedema.   

 

Systemic NO metabolite concentrations do not seem to be directly related to the 

pathogenesis of sub-clinical pulmonary oedema or AMS in the current setting.  

However, as AMS is associated with headache it would be logical to quantify NO 

metabolite concentrations as close to the brain as possible.  The combination of radial 

arterial and internal jugular venous blood samples, plus the calculation of metabolite 

exchange kinetics, will enable a better understanding of the role of NO in the 

pathophysiology of AMS to be had.  These regional measurements will enable us to 

establish if NO is consumed, generated or re-apportioned across the cerebral 

circulation and gain better understanding of their potential role in the development of 

AMS. 

 

 

 

 

 

 



 
 

143 

Study 2 

 
 

Trans-cerebral exchange kinetics of 

nitric oxide during hypoxia; implications 

for the pathophysiology of AMS 
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Brief overview 
 
A major problem encountered with the Glamorgan Chamber study was that systemic, 

venous samples were used for the quantification of NO metabolites (Bailey et al., 

2009a).  As discussed, systemic blood may not elicit the “full” metabolic 

consequences of inspiratory hypoxia on circulating NO concentrations due to NO 

produced distally to the area of interest contaminating the systemic sample. 

 

In order to eliminate this “contamination” factor it was decided to obtain blood from 

as close to the organ of interest as possible; in this scenario the hypoxic human brain.  

The analysis of both internal jugular venous and radial arterial blood and the 

subsequent quantification of blood flow measurements, using the Kety-Schmidt 

technique (Kety & Schmidt, 1948a), would enable the net release or uptake of NO 

across the cerebral circulation to be established using the Fick equation (Fick, 1870).  

A similar approach has been used previously to successfully quantify the exchange 

kinetics of various blood borne metabolites across the exercising leg (Bailey et al., 

2003, 2004a). 

 

The next experiment was carried out in collaboration with the Centre of Inflammation 

and Metabolism, Department of Infectious Diseases, Rigshospitalet, University of 

Copenhagen, Denmark.  This group has extensive experience of the more invasive 

procedures needed for this type of research. 
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Introduction 

 
NO is an endogenous vasodilator generated the endothelium and is critical for the 

maintenance of vascular function (Ignarro et al., 1987; Palmer et al,. 1987).  The 

entire endothelium is capable of NO production so its generation is not specific to 

certain locations.  However, there is evidence its generation is increased in areas that 

have a greater degree of hypoxia, especially across the pulmonary and cardiovascular 

systems (Justice et al., 2000; Le Cras & McMurtry, 2001).  However, there is little 

data available regarding trans-cerebral exchange of NO.  To our knowledge only one 

previous study has assessed NO trans-cerebral exchange kinetics but this study was 

limited (Peebles et al., 2008). 

 

NO metabolism is very dependant on the oxygenation status of the environment it is 

within.  Significant pO2 gradients exist between arterial and venous circulations under 

normoxic conditions, from approximately 100mmHg in arterial and 40 mmHg in 

venous blood (Bailey et al., 2009b; Peebles et al., 2008).  A reduction in Hb 

saturation between arterial and venous circulations also indicates a reduction in O2 

content (Bailey et al., 2009b; Rogers et al., 2007).  As such, changes are seen in 

various RBC and plasma bound NO metabolite concentrations between the arterial 

and venous circulations (Rogers et al. 2007; Bailey et al., 2009b, 2009c) which could 

be further enhanced in hypoxia. 

 

As well as being influenced by pO2, NO bioavailability is also governed, to some 

extent, by reactive oxygen species (ROS), where specifically superoxide (O2
•-) renders 

NO inactive (Gryglewski et al., 1986) (Reaction 1-5).  It has recently been shown that 

the human brain selectively increases ROS, indicated by increases in venous 
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concentrations and a net efflux of ROS across the brain; these observations are 

augmented in hypoxia (Bailey et al., 2009b).  These subtle perturbations in redox 

homeostasis could therefore reduce vascular NO bioavailability across the cerebral 

circulation and negatively affect cerebral vascular function in hypoxia. 

 

Reaction 1-5 

Nitric Oxide (NO) + Superoxide (O2
•-
)                 Peroxynitrite (ONOO

-
) (k ≈6.7 x109 

Μ s-1) 

 

Individuals who are more hypoxaemic, such as those who develop AMS (Bailey et 

al., 2009a; Hussain et al., 2001; Roach et al., 1998), will have a greater concentration 

of deoxyhaemoglobin (deoxyHb).  There is substantial evidence that deoxyHb 

facilitates the reduction of NO2
• to NO (Reaction 1-4) (Cosby et al., 2003; Crawford 

et al., 2006; Doyle et al., 1981; Lundberg & Weitzberg, 2005; Nagababu et al,. 2003) 

and the maximum NO2
• reduction rate occurs at a Hb saturation of between 40-60% or 

a pO2 of between 20-40mmHg (Huang et al., 2005).  NO created in this way or un-

reacted endogenous NO is free bind to un-reacted deoxyHb and form Hb-NO 

(Reaction 1-3).  Therefore, a lower pO2 in the venous circulation would serve to 

increase the concentration of Hb-NO within the venous circulation.  During hypoxia 

and the associated reduction in both arterial and venous pO2 it would be feasible to 

suggest that Hb-bound NO metabolites would be further elevated.   

 
Reaction 1-3 deoxyHb + NO  Hb-NO (Hb-FeIINO) (2-6 x107 Μ s-1) 

 
Reaction 1-4   deoxyHb + NO2

• + H+ NO + metHb + OH-(k=0.35 M s-1) 

(Doyle et al., 1981) 
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Oxyhaemoglobin (OxyHb) is also able to react with NO and NO2
•, generating nitrate 

(NO3
•) (Reaction 1-2) (Figure 1-8).  Therefore, greater NO3

• concentrations should be 

present in the arterial circulation and also in normoxia rather than hypoxia. 

 

Reaction 1-2 oxyHb + NO         metHb + NO3
• (6-8 x107 Μ s-1)   

(Doyle et al., 1981) 

 

To our knowledge and excluding forearm studies only three other studies have 

quantified NO metabolite concentrations across major vascular beds.  Rogers et al., 

(2007) assessed differences across the pulmonary and cardiac circulations by 

quantifying NO concentrations from the pulmonary artery, coronary sinus and the left 

main coronary artery.  Berger et al., (2009) examined trans-pulmonary plasma NO2
• 

exchange and established there was a reduction in NO2
• across the pulmonary tissue 

bed and this may have been implicated in the observed increase in PAP.  Peebles et 

al., (2008) was similar to the current study in that they quantified NO2
• and NO3

• 

concentrations from the radial artery and the internal jugular vein therefore 

establishing trans-cerebral concentrations and exchange.  Peebles et al., (2008) 

showed no changes between total arterial and venous plasma NO concentrations 

(NOx) but there were selective differences in plasma NO2
• concentrations.  There is 

therefore little existing data to compare the current data to.  

 

Rogers et al., (2007) did not observe any significant changes in the total NO pool 

(NOx) across either circulatory system (coronary or pulmonary) but did observe what 

has been termed the “re-apportionment” of NO metabolites.  No net loss or gain of 

NO was seen but there were variations in Hb-bound metabolites and in plasma NO2
•
 + 
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RSNO indicating that NO is moving between “species”.  These observed changes 

have been attributed to the changes in oxygenation observed between the various 

sample sites (Rogers et al., 2007).  The same mechanisms may have been responsible 

for the alterations seen in plasma NO2
• in the Peebles et al., (2008) study.  This could 

not be confirmed due to the lack of other NO metabolite data in the work by Peebles 

and co-workers.  The lack of other metabolite data in this study would have made to 

hard to ascertain the full fate of NO in this situation.  The transition from arterial to 

venous blood facilitates a reduction in pO2.  This naturally occurring reduction on top 

of the reduction associated with hypoxia would have meant large differences would 

have been expected.  NO metabolites have been shown to “re-apportion” to different 

sub species as a consequence of altered pO2 (Bailey et al., 2009a, 2009b; Rogers et 

al., 2007).  Therefore, in the setting of hypoxia and high-altitude illnesses a full NO 

profile would be needed to make strong, valid conclusions about its metabolic fate.  

Further to this Peebles et al., (2008) used indirect techniques to quantify CBF which 

may have raised questions over the validity of their exchange data. 

 

Over-perfusion of cerebral blood vessels has been implicated in the pathophysiology 

of AMS (Bärtsch et al., 2004) and NO is critical for normal vascular function (Ignarro 

et al., 1987; Palmer et al., 1987).  Therefore, alterations in NO bioavailability may 

prove to be an underlying mechanism in the pathophysiology of AMS, since NO has 

the ability to alter cerebral perfusion pressure.  Excess NO has also been implicated in 

the generation of headache associated with high-altitude (Bailey et al., 2009a; 

Sanchez del Rio & Moskowitz, 1999) through activation of the trigeminovascular 

system.  These implications along with the fact that NO has a very short half-life in 

blood (Hakim et al., 1996) would mean that systemic NO concentrations may not 
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fully reflect the regional i.e. cerebral, NO bioavailability.  Therefore, the aim of the 

present study was to obtain a full metabolic profile of all major NO metabolites from 

across the cerebral circulation i.e. from as close to the brain as possible, under both 

normoxic and hypoxic conditions.  It was also of interest to establish if “regional” NO 

bioavailability was implicated in the pathogenesis of AMS. 

 

We hypothesised that hypoxia would be associated with a reduction in NO 

bioavailability across the cerebral circulation, which would be augmented in hypoxia 

due to the scavenging activities of the O2
•- anion (Gryglewski et al., 1986).  This 

would result in an alteration in vascular tone and subsequent changes in cerebral 

blood flow.  Increases in cerebral blood flow would be associated with an increase in 

perfusion pressure and the subsequent development of AMS.  NO bioavailability will 

be more reduced in those who develop clinical AMS due to the greater hypoxaemia 

associated with these individuals.  We also wished to test the hypothesis that a re-

apportionment of NO metabolites, rather than a reduction in NOx by prove to be the 

driving force behind the development of AMS.   
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Current aims and objective 

The primary focus of this study was on “regional” cerebral NO concentrations and 

exchange kinetics.  Specific aims being:- 

 

1. To establish a NO metabolite profile from across the cerebral circulation 

i.e. arterial and venous NO metabolite concentrations and the effects of 

hypoxia on this profile. 

 

2. To establish if there is any relationship between potential changes in 

“regional” (trans-cerebral) NO bioavailability and the development of 

AMS.  

 

3. We also wished to investigate the potential re-apportionment of NO 

metabolites across the cerebral circulation in normoxia and hypoxia and to 

establish if this has any influence on the development of AMS 

 

Hypothesis 

Current working hypothesis: -   

“Compared to normoxia, environmental hypoxia will be associated with a 

reduction in both radial arterial and jugular venous pO2, rendering the brain 

hypoxic.  These reductions will promote the formation of ROS and a subsequent 

reduction in trans-cerebral NO bioavailability.  The magnitude of the reduction 

in NO bioavailability will be directly related to the severity of AMS symptoms.  

Hypoxia will be associated with a “re-apportionment” of NO metabolites”. 
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Methodology  
 
Written informed consent was obtained in accordance with the declaration of Helsinki 

and procedures were approved by the ethics committees of Copenhagen and 

Frederiksberg (KF01-290/011) (Appendix 5).  Ten apparently healthy male subjects 

aged 27 ± 4yrs (mean ± SD) were studied at rest in normoxia (21.0% O2) and after 

9hrs passive exposure to hypoxia (12.9% O2) (Figure 4-10).  Radial arterial and right 

internal jugular venous blood samples were collected simultaneously and immediately 

separated and stored as previously discussed (page 82).  Arterial (BD Arterial Cannula 

with FloSwitch™, 20G/1.10 x 45mm) and venous (Arrow Central Venous 

Catherization Set, 18GA, 20cm) catheters were placed under local anaesthesia (1% 

lidocaine) by an experienced anaesthetist under ultrasound guidance (K.  Møller).  

The tip of the venous cannula pointed cranially to avoid contamination from blood 

draining from the facial veins (Bailey et al., 2009b, 2009c; Taudorf et al., 2009).  

Once in place catheter lines were kept patent with a continuous low-flow infusion of 

medical grade saline.  Normoxic baseline samples were obtained after 30min of 

supine rest following placement of the catheters.  Respective medical gases were 

inspired through a tight fitting mask connected to 500 litre meteorological balloon at 

the prevailing barometric pressure which was supplied from pressurised gas cylinders.   
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Figure 4-10 Experimental protocol.  CBF, ceregral blood flow; LL, lake lousie score; 

ESQ-C, environmental symptoms questionnaire-cerebral; VAS, visual anolage scale. 

 

Haemodynamics:  The partial pressures of carbon dioxide (pCO2), oxygen (pO2), 

oxyhaemoglobin saturation (sO2) and haematocrit (Hct) were measured under 

anaerobic conditions using a blood gas analyser (ABL 605 & OSM, Radiometer 

Medical, Denmark). 

 

Global cerebral blood flow: Global CBF was measured by the Kety-Schmidt method 

using inhaled nitrous oxide (N2O) as the tracer (Kety & Schmidt, 1948a) in the de-

saturation mode (Madsen et al., 1993) (pages 96 - 99). 

 

AMS and Cephalalgia: Subjects completed both the Lake Louise questionnaire 

(Roach et al, 1993) (Appendix 1) and ESQ-C (Sampson et al, 1983) (Appendix 2) and 

were diagnosed with AMS (moderate to severe) if they presented with a cumulative 

Lake Louise score (self assessment + clinical score) of ≥ 5 points and an ESQ-C score 

≥ 0.7 points (Bailey et al., 2006; Kallenberg et al., 2007) (page 81).  These 

questionnaires were completed in normoxia and after 9hrs hypoxic exposure.  

Headache was assessed using a clinically validated visual analogue scale (VAS) 

Passive normobaric hypoxia (12.9 % O2) 
0hr 9hr -30min 

21% O2 12.9% O2 

Venous & arterial bloods 
CBF 
LL & ESQ-C 
VAS 
 

Venous & arterial bloods 
CBF 
LL & ESQ-C 
VAS 
 

Cannulation 
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(Iversen et al., 1989) (Appendix 3).  Briefly, it consisted of a horizontal line (0-

100mm) with various descriptive marks, 0mm - no headache, 10mm - mild 

(pressing/throbbing), 50mm – moderate and 100mm – incapacitating.  Subjects were 

asked to mark the line at a position that best described their condition (pages 81 - 82).  

 

Metabolic analysis:  Bloods were collected into EDTA vacutainers and immediately 

processed and stored until future analysis (page 82).  Plasma and RBC NO metabolite 

concentrations were quantified using ozone based chemiluminescence (pages 83 - 93). 

 

Statistical Analysis: All analyses were performed using the SPSS social statistics 

package (Version 16).  Following application of Shapiro-Wilks tests and 

mathematical confirmation of distribution normality data was analysed with a two-

way repeated measures analysis of variance [condition (normoxia vs. hypoxia) x 

sample site (arterial vs. venous)].  If a main effect or interaction effect occurred post-

hoc Bonferroni-corrected paired samples t-tests were performed to identify 

differences.  A Pearson product moment correlation was performed to establish any 

correlation between selected variables.  Significance for all tests was established at an 

alpha level of P < 0.05 and data are presented as a mean ± standard deviation (SD). 
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Results  

Haemodynamic data: 

 

Blood gases: Hypoxia resulted in a marked reduction in pCO2, PaO2 and sO2 (Table 

4-6).  The reduction in pCO2 was likely to be caused as a consequence of an increase 

in ventilation and resulted in a mild respiratory alkalosis (data not shown). 

 

Table 4-6 Blood gas measurements 
 

 Condition: Normoxia (21% O2) Hypoxia (12.9% O2) 

Sample site: Arterial Venous Arterial Venous 

 
99 ± 1 

 
66 ± 2† 

 
83 ± 3* 

 
51 ± 5*† 

 

sO2 (%) 

Main effects for condition + sample site+ interaction effect 

AMS individual 98 68 79 39 

 
43 ± 2 

 
53 ± 2† 

 
35 ± 2* 

 
44 ± 2*† 

 
pCO2 (mmHg) 

 
Main effects for condition + sample site + interaction effect 

AMS individual 44 55 32 42 

 
107 ± 6 

 

 
38 ± 2† 

 
46 ± 3* 

 
29 ± 2*† 

 
pO2 (mmHg) 

Main effects for condition + sample site + interaction effect 

 
AMS individual 102 

 
39 45 26 

Values are mean ± SD; pO2/pCO2, partial pressure of oxygen/carbon dioxide; sO2, 

oxyhaemoglobin saturation;  main effect for condition indicates a pooled (arterial + 

jugular venous) difference (P < 0.05) between normoxia vs. hypoxia; main effect for 

sample site indicates a pooled (normoxia + hypoxia) difference (P < 0.05) between 

arterial vs. jugular venous; †different vs. arterial for given condition (P < 0.05); 

*different vs. normoxia for given sample site (P < 0.05).  (n = 10; AMS individual, n 

= 1) 
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CBF: There was a tendency for CBF to increase in hypoxia (Table 4-7).  These 

increases were only statically different (P < 0.05) when it was corrected for changes 

in PaCO2 (Table 4-7).  Increases in CBF would have aimed to offset arterial 

hypoxemia and thus preserving cerebral O2 delivery.   

 

Table 4-7 Haemodynamic data 
 
 Normoxia (21% O2) Hypoxia (12.9% O2) 

   
Global CBF (ml/100g/min)  85  ± 15 94  ± 17 
AMS individual 67 90 
   
Corrected CBF (ml/100g/min) 85  ± 15 123  ± 24* 
AMS individual 67 139 
   
   
Plasma flow (ml/100g/min) 51  ± 9 57  ± 11 
AMS individual 40 55.6 
   
Corrected CPF (ml/100g/min) 51  ± 9 74  ± 16* 
AMS individual 40 86 
Values are mean ± SD.  CBF, cerebral blood flow; CPF, cerebral plasma flow, 

Corrected values are adjusted for changes in PaCO2.*different vs. normoxia (P < 

0.05).  (n = 10; AMS individual, n = 1). 
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AMS and cephalalgia: All AMS and cephalalgia associated data was elevated after 

9hrs hypoxic exposure (Table 4-8).  However, only one individual (10%) reached the 

diagnosis criteria for clinical AMS.  As a consequence of the lack of clinical AMS 

diagnosis, correlational analysis was performed rather than a comparative analysis. 

 
 
Table 4-8 AMS and cephalalgia data 
 

 ESQ-C (AU) LL (points) VAS (mm) 

 
Normoxia (21% O2) 
 

 
0.000 ± 0.000 

 
0 ± 0 

 
0 ± 0 

 
AMS individual 
 

 
0.000  

 
0  

 
0  

 
Hypoxia (12.9% O2) 
 

 
0.803 ± 0.674* 

 
3 ± 2* 

 
29 ± 23* 

 
AMS individual 
 

 
2.398 

 

 
6 

 
75 

LL, Lake Louise score; ESQ-C, Environmental Symptoms Questionnaire; VAS, 

Visual analogue scale; SaO2, Arterial haemoglobin saturation.  (n = 10; AMS 

individual, n = 1).  *Different from normoxia (P< 0.05).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

157 

Nitric oxide metabolic data: 

 

Plasma NO: No differences were observed in the total NO pool (NOx) between the 

venous and arterial circulations under either normoxic or hypoxic conditions.  

However, there was a reduction in both venous and arterial total NO (NOx) 

concentrations in hypoxia which was not different between the venous and arterial 

circulation (Table 4-9).  This overall reduction in total NO was primarily brought 

about by a reduction in NO3
•.  A reduction in NO2

• was seen across the cerebral 

circulation under normoxic conditions, indicating that either NO2
• is consumed across 

the cerebral circulation or scavenged by ROS (Table 4-9).  This trans-cerebral 

reduction was not observed in hypoxia but there was a reduction in the inflow of 

arterial NO2
• which was not different to the venous concentration (Table 4-9). 

 
 

RBC NO: There was an increase in all RBC NO metabolites analysed in the 

venous circulation compared to the arterial circulation in normoxia and hypoxia 

(Table 4-10).  A greater increase was seen in hypoxia while venous concentrations 

were also greater than the corresponding normoxia sample (Table 4-10).
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Table 4-9 Plasma NO metabolite concentrations and exchange kinetics 
Condition: Normoxia Hypoxia 

Sample site: Arterial Venous Arterial Venous 

     
Total NOx (µmol) 29.8 ± 16.7 (37.9) 29.4 ± 12.0 (36.4) 18.0 ± 6.1 (9.0) 18.6 ± 7.0 (9.9) 
 Main effect for condition 
a-vD (µmol/L) 0.3 ± 8.9 (1.5) -0.5 ± 6.1 (-0.9) 
Net exchange (µmol/g/min) 0.0 ± 5.1 (0.6) -0.5 ± 3.6 (-0.5) 
     
NO3

•
 (µmol) 29.3 ± 16.7 (37.1) 29.2 ± 12.0 (36.1) 17.7 ± 6.2 (8.5) 18.2 ± 7.1 (9.4) 

 Main effect for condition 
a-vD (µmol/L) 0.1 ± 8.8 (0.9) -0.5 ± 6.1 (-1.0) 
Net exchange (µmol/g/min) -0.1 ± 5.1 (0.4) -0.5 ± 3.6 (-0.5) 
     
NO2

•
 (nmol) 482.1 ± 207.1 (839.8) 238.2 ± 88.9* (284.8) 306.3 ± 113.8† (516.1) 285.0 ± 106.8 (459.4) 

 Main effect for sample site + interaction effect 
a-vD (nmol/L) 243.9 ± 173.4 (555.0) 21.3 ± 79.9† (56.7) 
Net exchange (nmol/g/min) 126.4 ± 93.9 (222.0) 16.0 ± 46.7† (31.6) 
     
RSNO (nmol) 2.1 ± 2.6 (0.4) 18.0 ± 46.2 (2.8) 2.7 ± 2.6 (0.9) 15.4 ± 37.9 (0.4) 
 Main effect for sample site 
a-vD (nmol/L) -16.4 ± 46.4 (-2.4) -12.7 ± 36.4 (0.5) 
Net exchange (nmol/g/min) -9.7 ± 27.7 (-1.0) -8.3 ± 24.0 (0.3) 
Values are mean ± SD.  NOx,  all NO metabolites (NO2

•, NO3
•, RSNO); NO3

•, nitrate; NO2
•, nitrite; RSNO, S-nitrosothiols; a-vD, arterial minus 

venous concentration difference.  Positive and negative exchange values represent uptake and release respectively.  Main effect for condition 

indicates a pooled (arterial + venous) difference (P < 0.05) between normoxia vs. hypoxia; main effect for sample site indicates a pooled 

(normoxia + hypoxia) difference (P < 0.05) between arterial vs. venous; *different vs. arterial for given condition (P<0.05); †different vs. 

normoxia for a given sample site (P < 0.05).  (n = 10; AMS individual, n = 1).  Note: Number in brackets represents the one individual with 

clinical AMS. 
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Table 4-10 Red blood cell NO metabolite concentrations and exchange kinetics 

Condition: Normoxia Hypoxia 

Sample site: Arterial Venous Arterial Venous 
     
Total NOx (nmol) 37.5 ± 15.4 (32.4) 72.8 ± 24.5* (96.4) 43.4 ± 18.4 (55.1) 109.0 ± 46.0*† (146.7) 
 Main effects for condition + sample site + interaction effect 

a-vD (nmol/L) -35.3 ± 24.4 (-64.0) -65.7 ± 45.6† (-91.6) 
Net exchange (nmol/g/min) -10.3 ± 7.9 (-17.0) -24.6 ± 18.7† (-31.2) 
     
Hb-bound NO (nmol) 3.7 ± 2.0 (2.1) 6.9 ± 3.0* (12.3) 5.9 ± 3.5 (5.2) 15.5 ± 8.7*† (29.9) 
 Main effects for condition + sample site + interaction effect 

a-vD (nmol/L) -3.2 ± 3.4 (-10.2) -9.6 ± 11.0† (-24.7) 
Net exchange (nmol/g/min) -1.0 ± 1.0 (-2.7) -3.7 ± 4.1† (-8.4) 
Values are mean ± SD; Hb (haemoglobin)-bound NO represents primarily nitrosylhaemoglobin (HbNO) + S-nitrosohaemoglobin (HbSNO) but 

also other NO metabolites stable to sulphanilamide treatment; a-vD, arterial minus venous concentration difference.  Positive and negative 

exchange values represent uptake and release respectively.  Main effect for condition indicates a pooled (arterial + venous) difference (P < 0.05) 

between normoxia vs. hypoxia; main effect for sample site indicates a pooled (normoxia + hypoxia) difference (P < 0.05) between arterial vs. 

venous; *different vs. arterial for given condition (P < 0.05); †different vs. normoxia for a given sample site (P < 0.05).  (n = 10; AMS 

individual, n = 1).  Note: Number in brackets represents the one individual with clinical AMS. 
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Correlational findings:  

We were ultimately interested in the development of neurovascular complications such as 

headache and vascular dysfunction.  Since particular NO metabolites are seen as being 

vasoactive (NO2
• and Hb-bound NO) it was sought to establish if there were any relationships 

between the changes in trans-cerebral exchange kinetics of these metabolites and changes in 

the AMS scoring methods, regardless of whether AMS was diagnosed. 

 

Plasma NO2
•
: There was no relationship observed between any of the changes in AMS 

assessment methods (LL, ESQ-C, and VAS) and changes in the trans-cerebral exchange 

kinetics of plasma NO2
• (Figure 4-11). 

 
Hb-bound NO: No significant relationships were found between changes in any of the AMS 

scores and changes in trans-cerebral exchange of Hb-bound NO (Figure 4-12). 
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Figure 4-11 Lack of any discernable relationship between the change (delta: hypoxia minus 
normoxia) in plasma nitrite exchange and AMS scoring criteria.  LL, Lake Louise; ESQ-C, 
Environmental Systoms Questionnaire – Cerebral; VAS, Visual Analogue Scale. 
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Figure 4-12 Lack of any discernible relationship between the change (delta: hypoxia minus 
normoxia) in Hb-bound NO exchange and AMS scoring criteria.  LL, Lake Louise; ESQ-C, 
Environmental Symptoms Questionnaire – Cerebral; VAS, Visual Analogue Scale.  Hb-
bound NO represents primarily Hb-SNO + Hb-NO and all other species resistant to 
sulphanilamide pre-treatment. 
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Figure 4-13 Lack of any discernible relationship between changes in plasma flow and plasma 

NO2
• concentration (top) and RBC flow and Hb-bound NO concentration (bottom).  RBC, red 

blood cell; NO2
•, nitrite; Hb-bound NO represents primarily Hb-SNO + Hb-NO and all other 

species resistant to sulphanilamide pre-treatment. 
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Discussion 

 
The major objective of the current work was to obtain a full metabolite profile and exchange 

kinetics of the major vascoactive NO metabolites across the cerebral circulation under both 

normoxic and hypoxic conditions.  This would enable a more realistic judgement to be made 

on the pathophysiological role, if any, of circulating NO concentrations during the 

development of AMS.   

 

We hypothesised that a reduction in NO bioavailability would be observed across the cerebral 

circulation and this would be augmented in hypoxia.  This would result in alterations in 

vascular tone and changes in cerebral blood flow potentially resulting in an increase in 

perfusion pressure and the subsequent development of AMS.  We anticipated NO 

bioavailability would be reduced more in those who develop clinical AMS due to their more 

marked hypoxemia.  We would also like to establish if a re-apportionment of NO metabolites 

is apparent across the cerebral circulation as is seen across the pulmonary and cardiac tissue 

beds (Rogers et al., 2007).  Only one individual was diagnosed with clinical AMS.  

Correlational analyses were therefore employed to establish if there were relationships 

between circulating NO and the seriousness of AMS symptoms i.e. headache (VAS) and the 

AMS assessment scores (LL and ESQ-C).  Hypoxia resulted in a reduction in selective NO 

metabolites that may have facilitated the increase in CBF.  It was also observed that there was 

re-apportionment of NO metabolites apparent.  Although there was a lack of clinical AMS 

there was a marked increase in AMS related scores but no relationships between these and 

NO metabolism was seen.   
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Nitric oxide metabolism:  

This study is, to the best of our knowledge, the first to quantify all the major, physiologically 

active plasma and RBC NO metabolites across the human cerebral circulation.  A previous 

study only reported on plasma NO2
• and NO3

• concentrations (Peebles et al., 2008).  Hypoxia 

was associated with a reduction in NOx, primarily due to a reduction in NO3
• which agrees 

with our previous findings (Table 4-9) (Bailey et al., 2009a).  Reductions in plasma NO2
• 

were mirrored by a concurrent increase in Hb-bound NO (Table 4-10).  Normoxia was 

associated with net uptake of plasma NO2
•, indicated by a positive exchange value, which 

was blunted in hypoxia (Table 4-9).  There was a net release of RBC associated NO, 

indicated by a negative exchange value which was augmented in hypoxia (Table 4-10).  No 

changes were observed in RSNO metabolism which agrees with our previous work (Bailey et 

al., 2009a).  Results support the notion that NO metabolite re-apportionment occurs and is 

catalysed by alterations in pO2. 

 

The present study incorporated the Kety-Schmidt method to determine global CBF which is 

the most valid and comprehensive method of measuring CBF (Kety & Schmidt, 1948a; 

Taudorf et al., 2009).  Peebles et al., (2008) established CBF using an alternative, indirect 

method and this may have resulted in an under or over estimation of CBF.  Their study used 

middle cerebral artery velocity (MCAv) as an indirect measure of blood flow.  However, this 

technique relies on the assumption that MCA diameter remains constant and questions have 

been raised over its validity in quantifying blood flow (Kontos, 1989).  In a recent study 

carried out in our laboratory it was observed that there was an increase in MCA diameter 

during hypoxia (unpublished observations).  This would raise further questions over the 

validity of this method of measuring CBF.  These limitations of the only other study to asses 

trans-cerebral NO metabolism add strength to the current study as a valid technique for the 
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measurement of CBF was used (Kety & Schmidt, 1948a) resulting in better quality and more 

valid data.  

 

Only one of the ten subjects (10%) in the current study developed clinical AMS.  This low 

diagnosis rate may have been as a result of the FIO2 being slightly higher to that used in 

previous studies (12.9% O2 vs. 12% O2).  12.9% O2 was used in the current study as a sub-

group of separate subjects was receiving an intravenous administration of the endotoxin, 

lipopolysaccharide (LPS).  This was to induce systemic inflammation, which has been 

implicated in AMS (Basnyat & Murdoch, 2003); this was part of a separate arm of the same 

study.  The combination of a more hypoxic stimulus plus the administration of LPS was 

thought to be a too “extreme” situation for subjects involved.  Subjects involved in this arm 

of the study developed severe AMS so the decision to use a greater FIO2 was fully justified 

(Bailey & Møller, personal communication).   

 

The current FIO2 was only marginally different to that used previously (12.9% O2 vs. 12% 

O2), which equates to an actual terrestrial altitude differential of approximately 800 meters.  

In terms of altitude differential this is significant.  At the end of the passive hypoxic exposure 

in the present study, arterial Hb saturation was 83 ± 3 % (Table 4-6) compared to that of 82 ± 

6% in Study 1.  There was no difference between these saturations so the pO2 would have 

also been very similar as they would have been on the same location on the Hb-O2 saturation 

curve to those seen in Study 1 (Figure 4-14).  This would be important in the context of the 

current research as NO metabolism is highly dependant upon pO2 as already discussed. 
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Figure 4-14 Oxygen-haemoglobin association curve.  Dotted line represents approximate 

SaO2 and pO2 measurements in the current studies 

  

Even though there was a lack of AMS it was clear there was an increase in both the LL and 

ESQ-C scores and this was complemented by an increase in the VAS headache scores (Table 

4-8).  However, no relationships were observed between changes in trans-cerebral exchange 

kinetics of plasma NO2
• and Hb-bound NO, seen as the major vasoactive NO metabolites, and 

changes in AMS assessment methodology (Figures 4-11 & 4-12).  This would suggest that 

regional NO bioavailability is not implicated in the pathogenesis of AMS.   

 

The observed reduction of plasma NO2
• in normoxia is an observation that is normal between 

arterial and venous circulations (Rogers et al., 2007).  However, the lack of reduction 

between arterial and venous circulations in hypoxia is an interesting observation (Table 4-9).  

This lack of change was primarily due to a reduction in arterial inflow and the maintenance of 

venous NO2
• outflow (Table 4-9).  We would have expected to have seen further reductions 

in venous NO2
• due to further reductions in pO2 and subsequent interactions with deoxyHb 
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(Cosby et al., 2003; Nagababu et al., 2003; Crawford et al., 2006; Lundberg & Weitzberg, 

2005; Gladwin, 2006).  Current observations are contrary to the original hypothesis and 

imply a potential re-apportionment phenomenon may be pO2 independent.  If it were solely 

reliant on pO2 it would have been expected that a reduction in plasma NO2
• in hypoxia would 

have also been seen.  However, this was not the case even though there was lower pO2 

observed (Table 4-6).  The increase in RBC associated NO, both absolute and exchange, 

maybe indicative of an increased cerebral generation of NO in hypoxia and this reacting with 

Hb to facilitate the increase in RBC NO rather than a re-apportionment from plasma NO2
•. 

 

Peebles et al., (2008) have also recently shown no alterations in plasma NO2
• or exchange 

kinetics across the cerebral circulation.  This observation was evident after an acute exposure 

to 12% O2, similar to the current study.  Furthermore, Peebles et al., (2008) also observed 

that plasma NO2
• was indeed taken up/consumed across the hypoxic cerebral circulation in a 

more extreme hypoxic environment (10% O2).  The duration of hypoxic exposure, at both 

inspirates (12% and 10% O2), during the Peebles et al., (2008) study was only four minutes, 

whereas the current study was 9hrs.  Exposure duration may have implications in the 

measured NO concentrations as NO generation or consumption kinetics may be indeed FIO2 

dependent.  A recent study conducted in our laboratory showed that within the first hour of 

exposure, whilst O2 was being reduced from 21% to 12% O2,  systemic NO concentrations 

steadily increased and reached a maximum after approximately 30min and then returned to 

near pre-exposure concentrations after about an hour (James, PE; Ingram, T, and Bailey, DM, 

unpublished observations).  This implies NO was being produced in order to adapt to the 

environmental stressors and to maintain blood flow and O2 delivery.  Peebles et al., (2008) 

also found no changes in total plasma NO in normoxia between arterial and venous blood 

which is consistent with our findings.  However, where we noticed a reduction in total plasma 
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NO in hypoxia Peebles et al., (2008) did not.  The lack of an arterio-venous difference in 

NO2
• in 12% O2 during the current study and of that of Peebles et al. (2008) may indicate that 

there is some sort of “protective” mechanism in place in order to conserve circulating NO 

concentrations in hypoxia 

 

Berger et al., (2009) observed that hypoxia was associated with a trans-pulmonary loss of 

plasma NO2
• which was negatively correlated with pulmonary artery systolic pressure, 

indicating that plasma NO2
• may be implicated in increases in PAP associated with HAPE 

(Berger at al., 2009).  However, this study only quantified plasma NO2
•.  Again, if RBC NO 

was also quantified it may have shown there was an increase in RBC NO to counteract the 

reduction in plasma NO, similar to the current studies.   

 

The overall loss or consumption in plasma NO2
• and NO3

• seen in hypoxia (Table 4-9) may 

simply indicate NO has been inactivated through interactions with O2
•- and/or with more 

downstream oxidative reactants such as peroxyl (LOO•) and alkoxyl (LO•) radical species, 

hydrogen peroxide (H2O2) or the hydroxyl radical (OH•) (Sies, 1991; Chamulitrat, 2001).  

Since the hypoxic human brain has been shown to generate ROS during hypoxia (Bailey et 

al. 2009b) it could therefore be a likely cause for the observed reductions.  Cerebral exchange 

measurements confirm there was a consumption of NO2
• across the cerebral circulation, 

indicated by a positive net exchange value while this exchange was blunted in hypoxia (Table 

4-9).  The reduction in the venous outflow in normoxia along with the absolute reduction 

seen in hypoxia may have also been caused by the reduction of NO2
• back to NO through 

interactions with deoxyHb in order to increase the bioavailability of NO to maintain vascular 

function and O2 delivery (Doyle et al., 1981; Cosby et al., 2003) (Reaction1-4).  Reductions 

in plasma NO2
• and NO3

• may also be initiated by a reduction in the synthesis of NO through 
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eNOS.  Hypoxia has been shown to reduce the synthesis of NO primarily through the 

reduction in eNOS activity and expression (Phelan & Faller, 1996; Faller, 1999).  A reduction 

in O2 availability may also have influenced the generation of NO (Rengasamy & Johns, 1996; 

Whorton et al., 1997) and the consequent production of NO2
• and NO3

•. 

 

Reaction 1-4   deoxyHb + NO2
• + H+    NO + metHb + OH-(k=0.35 M s-1) 

(Doyle et al., 1981) 
 

No differences were observed in venous plasma concentrations of RSNO between normoxia 

and hypoxia, although venous concentrations were greater than arterial concentrations (Table 

4-9).  Previous work from our laboratory has shown a tendency for venous RSNO to increase 

in hypoxic venous blood (Bailey et al., 2009a).  This data along with greater venous 

concentrations and a negative net exchange in the present study indicates there may be a 

tendency for RSNO to be generated across the brain and during hypoxia i.e. lower pO2 results 

in increased RSNO generation.  This observation may alternatively reflect a further change in 

the apportionment of NO due to alterations in pO2. 

 

Concurrent increases in RBC NO concentrations between arterial and venous blood along 

with decreases in the corresponding plasma metabolites in normoxia, which was more 

apparent in hypoxia (Tables 4-9, 4-10), serve to strengthen the metabolite re-apportionment 

notion (Figure 4-15).  Reductions in plasma NO2
• between the arterial and venous circulations 

and the simultaneous increase in the Hb-bound NO may simply imply that the reduction in 

pO2 in the venous circulation results in more Hb-bound NO being generated through the 

interactions of deoxyHb and NO (Reaction 1-3).  NO within this reaction may have been 

derived from the reduction of plasma NO2
• to NO, through the influences of deoxyHb 

(Reaction 1-4).  These reactions would have been greater in the venous circulation which 
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would have potentially been augmented in hypoxia due to the reduction in pO2 (Table 4-10) 

(Figure 4-15).   

 

Reaction 1-3 deoxyHb + NO  Hb-NO (Hb-FeIINO) (2-6 x107 Μ s-1) 

(Doyle et al., 1981) 
 

 
 

       Normoxic            Hypoxic 

(High pO2)                    (Low pO2) 

 
Plasma  RBC    Plasma  RBC 

 

NO3
•   

tNO   ↓NO3
•   

↑tNO 
 

NO2
•   

Hb-bound  ↓NO2
•
   ↑Hb-bound 

 

RSNO      ↑RSNO 

 
 

 

Figure 4-15 Re-apportionment of plasma NO metabolites to Hb-bound NO metabolites with 

reducing pO2.  NO3
•, nitrate; NO2

•, nitrite; RSNO, S-nitrosothiols; Hb-bound, (S-

nitrosohaemoglobin (Hb- SNO) and Nitrosylhaemoglobin (Hb-NO)).  Note: Plasma NO3
• 

does not seem to differ between arterial and venous circulations but is reduced in hypoxia.  

RSNO does not differ between hypoxia and normoxia but is increased in venous blood.  

Arrows indicate concentration changes relative to normoxia. 

 

This theory is strengthened when hypoxic arterial and venous concentrations of Hb-bound 

NO are examined.  There was a greater increase in RBC and Hb bound metabolites in 

hypoxia (Table 4-10).  This again could indicate that NO re-apportionment is pO2 driven.  

This re-apportionment phenomenon has been previously attributed to changes in pO2 that 

occur in the different circulatory systems (Rogers et al., 2007) and within the venous 

circulation seen under hypoxic conditions (Bailey et al., 2009a).  In healthy normoxic 

individuals, Rogers et al., (2007) observed a reduction in plasma NO2
• and RSNO and a 
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three-fold increase in Hb-bound NO across the coronary circulation i.e. reduction in lower 

oxygenated blood.  These alterations were reversed across the pulmonary circulation, in that 

plasma metabolites increased and RBC metabolites decreased, again these alterations were 

attributed to the variations in pO2 (Rogers et al., 2007).  Rogers et al. (2007) used otherwise 

healthy individuals undergoing routine electrophysiology (EP) testing for paroxysmal 

supraventricular arrhythmias and was completed in a resting state.  These subjects and the 

protocol would have meant there was limited ROS generation unlike the two current studies.  

If increases in ROS were present different outcomes may have presented.  However, the 

current study observed increases in ROS (Bailey et al., 2009b) and a reduction in arterial 

plasma NO3
• and NO2

• in hypoxia (Table 4-9), which may be seen as evidence of oxidative 

inactivation of NO in hypoxia.  This hypoxia/oxidative mediated reduction in NO3
• was also 

observed in study one of the current work (Figures 4-2 & 4-4). 

 

Even though there were marked NO metabolite concentration differences in the study of 

Rogers et al., (2007) along with  the current studies (Bailey et al., 2009a, 2009b), there was 

no alteration in the concentration of the sum of all NO metabolites (NOx).  These studies add 

considerable strength to the notion that NO is not simply lost or gained under times of 

physiological stress but it is rather re-apportioned between metabolites.  These observations 

indicate it is not feasible to measure just one NO metabolite to assess NO bioavailability and 

functional consequences of its altered bioavailability.  Instead a full NO metabolite profile 

should be obtained in order to distinguish between NO consumption, release or re-

apportionment. 

 

One of the current working hypotheses was to establish if this re-apportionment phenomenon 

occurs across the cerebral circulation and whether it has any physiological relevance in the 
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pathophysiology of AMS.  A re-apportionment of NO metabolites was observed but this had 

no bearing on the development of AMS.  However, the trend of NO data in the one subject 

who developed AMS followed that of the whole group data, but the changes were 

approximately twice as great, specifically in the major vasoactive metabolites of plasma NO2
• 

and Hb-bound NO (Tables 4-9, 4-10).  This was also observed in exchange kinetics for these 

metabolites indicating there was a greater up-take of plasma NO2
• and a greater production of 

Hb-bound NO across the cerebral circulation.  This may have been as a consequence of the 

greater reduction in pO2 observed in this individual (Table 4-6) and a potentially greater re-

apportionment phenomenon occurring.   

 

Cerebral blood flow: 

There were no differences in global CBF or plasma flow during hypoxia compared to 

normoxia (Table 4-7).  However, when flow measurements were corrected for changes in 

PaCO2 (Table 4-6) there was an increase in global CBF (Table 4-7).  Changes in plasma and 

RBC flow were not correlated to changes in plasma NO2
• and Hb-bound NO exchange 

measurements respectively (∆ Plasma NO2
• exchange vs. ∆ Plasma flow: -0.184, P  > 0.05 

and ∆ Hb-bound NO exchange vs. ∆ RBC flow: -0.418, P  > 0.05) (Figure 4-13).  This would 

indicate that the proposed reduction of NO2
• and generation of Hb-bound NO did not impact 

on CBF. 

 

Increases in the PaCO2 corrected CBF (Table 4-7) and the concurrent reduction in plasma 

NO2
• (Table 4-9) may indicate that NO2

• mediated this increase in CBF.  The reduction may 

have facilitated vasodilatation and hence an observed increase in CBF through dilatation of 

cerebral blood vessels.  However, the lack of change in un-PaCO2-corrected CBF 

measurements may indicate the reduction in plasma NO2
• counteracted the vasoconstrictive 
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effects of the associated hypocapnia.  Alternatively, increases in CBF may just have been as a 

direct result of the hypoxia and the need for O2 that occurs during acute exposure to hypoxia 

(Kety & Schmidt, 1948b).  However, studies have shown there is little if any change in CBF 

after prolonged exposures to hypoxia at high-altitude (Møller et al., 2002; Van Osta et al., 

2005; Jansen et al., 2007; Bailey et al., 2009a).  The lack of change in CBF would 

theoretically result in a greater degree of hypoxaemia seen in the brain at high-altitude.  

However, this seems to be counteracted by the maintenance of the cerebral metabolic rate of 

oxygen (CMRO2) due to increased O2 extraction (Bailey et al., 200b; Møller et al., 2002). 

 

The lack of change in global CBF in hypoxia is thought to be primarily due to the hypocapnia 

associated with the increase in ventilation seen at high-altitude.  Acute hypoxia results in an 

increase in CBF (Kety & Schmidt, 1948b; Severinghaus et al., 1966; Poulin et al., 2002; 

Norcliffe et al., 2005; Xu & LaManna, 2006), which is decreased in response to hypocapnia 

(Poulin et al., 2002).  Hypocapnia associated with high-altitude is mediated by the increase in 

ventilation.  It was for this reason it was decided to correct the cerebral blood flow velocities 

for the reductions in PaCO2. 

 

Increases in blood flow would have theoretically put extra stresses on vascular walls.  This 

also has the potential to increase endogenous production of NO (Pohl et al., 1986; Mashour 

& Boock, 1999; Maiorana et al., 2003; Green et al., 2004; Pyke & Tschakovsky, 2005).  

These artefacts were not taken into account in the present study.  These increases in NO 

production are attributed to an up-regulation of eNOS expression and activity in response to 

increases in shear stress (Kuchan & Frangos, 1994; Ranjan, et al., 1995; Xiao et al., 1997).  

This may have influenced the circulating concentrations of NO but its influence would have 

been very minimal and seems very unlikely to of effected the qualitative outcome.   
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Conclusions: 

The current study has enabled a very comprehensive assessment of NO metabolism across 

the cerebral circulation to be made for the first time.  Normoxia was associated with a 

consumption of plasma NO2
• which was blunted during hypoxia.  Total plasma NO (NOx) 

was unchanged across the cerebral circulation in both normoxia and hypoxia, however, both 

arterial inflow and venous outflow were reduced in hypoxia while no changes in NOx 

exchange kinetics were observed in either normoxia or hypoxia.  This indicates there is an 

overall loss of NO in hypoxia, which is in agreement with our first study (Bailey et al., 

2009a).  These reductions were primarily brought about by a reduction in NO3
• which is not 

implicated in vascular function (Kelm, 1999; Lauer et al., 2001; 2002) and probably 

irrelevant in the current work.  There was however an increase in RBC NO metabolite 

concentration in the venous circulation relative to the arterial and this increase was also 

observed and augmented in hypoxia.  This indicates that the loss in plasma NO has been re-

apportioned to RBC’s.  These findings indicate that regional bioavailability of NO does not 

predispose to AMS but it seems there are a number of possible protective mechanisms in 

place in order to preserve NO concentrations and facilitate transport and delivery of NO. 
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Chapter 5 

 
 

General Discussion 
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Overview 

The primary objective of the current thesis was to establish if hypoxia-mediated alterations in 

either systemic or cerebral NO metabolism are implicated in the pathophysiology of AMS.  

There is currently only very limited data on the role of circulating systemic and regional NO 

bioavailability in hypoxic human subjects.  Berger et al., (2009) quantified trans-pulmonary 

exchange of plasma NO2
• and concluded that it may be implicated in the pathophysiology of 

HAPE subsequent to the development of pulmonary hypertension while Peebles et al., (2008) 

examined the effect of hypoxia on the trans-cerebral exchange of NO2
• and NO3

•.  However, 

both these studies were limited by the number of NO metabolites quantified and the 

quantification methods of these metabolites.  Therefore, these studies were unable to consider 

the “whole NO picture whereas the current work obtained a full metabolic profile of all the 

major vocative NO metabolites circulating in the blood.  This has proved to be a very novel 

piece of work as it is the first time such a comprehensive assessment of circulating NO 

metabolites and the subsequent physiological implications has been assessed. 

 

The specific aims of the current studies were: 
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Study 1 – Hypoxia & nitric oxide metabolism; focus on systemic 

circulation 
 

Specific aims being:- 

 

1. To establish if there is any link between changes in systemic NO metabolites and 

NPD, used as a surrogate measure of sub-clinical oedema, the precursor to HAPE. 

 

2. To establish if there is a link between potential changes in systemic NO 

bioavailability and the development of AMS.  

 

3. To establish the effects of a maximal hypoxic exercise challenge on systemic NO 

bioavailability and NPD measurements. 

 

Hypothesis 

Current working hypothesis: -   

“External stressors hypoxia and physical exercise will cause a reduction in pO2 

and initiate a metabolic cascade that will consequently result in a systemic 

reduction in NO bioavailability.  Reductions in NO will be more pronounced in 

those who develop clinical AMS due to greater hypoxaemia and greater 

metabolic disruption in these individuals.  Since AMS typically precedes HAPE 

decreases in NO bioavailability will be correlated to changes in NPD”
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Study 2 – Trans-cerebral exchange kinetics of nitric oxide during 

hypoxia; implications for the pathophysiology of AMS. 

 
Specific aims being:- 

 

1. To establish a NO metabolite profile from across the cerebral circulation i.e. arterial 

and venous NO metabolite concentrations and the effects of hypoxia on this profile. 

 

2. To establish if there is any relationship between potential changes in “regional” 

(trans-cerebral) NO bioavailability and the development of AMS.  

 

3. We would also wish to investigate the potential re-apportionment of NO metabolites 

across the cerebral circulation in normoxia and hypoxia and to establish if this has any 

influence on the development of AMS 

 

Hypothesis 

Current working hypothesis: -   

“Compared to normoxia, environmental hypoxia will be associated with a reduction in 

both radial arterial and jugular venous pO2, rendering the brain hypoxic.  These 

reductions will promote the formation of ROS and a subsequent reduction in trans-

cerebral NO bioavailability.  The magnitude of the reduction in NO bioavailability will 

be directly related to the severity of AMS symptoms.  Hypoxia will be associated with a 

“re-apportionment” of NO metabolites”. 
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General Discussion 

The current series of work has, for what we believe is the first time, comprehensively 

examined both the systemic and trans-cerebral concentrations all the major blood 

borne vasoactive NO metabolites.  Study one examined systemic venous NO 

bioavailability in those who developed moderate to severe AMS and in those who 

remained relatively healthy.  We were further interested to examine if any relationship 

existed between the development of sub-clinical oedema and systemic NO 

bioavailability.  The second study went a step closer to the organ most involved in the 

pathophysiology of AMS, the brain.  This study examined the trans-cerebral 

concentrations and exchange kinetics of all major blood borne vasoactive NO 

metabolites.  This was possible through the collection of radial arterial and internal 

jugular venous bloods and the measurement of global cerebral blood flow. 

 

Both studies showed that hypoxia was associated with an overall reduction in total 

NO (NOx) bioavailability.  These reductions were primarily as a result of a loss of 

plasma NO3
• and was reduced by approximately half of the normoxic concentration.  

AMS was diagnosed in 50% of the subject group in study one but there were no 

differences in NO bioavailability between those who developed AMS and those who 

remained comparatively healthy (Figures 4-4 & 4-6).  Hypoxia plus exercise was 

associated with a reduction in systemic plasma NO2
• (Figures 4-2 & 4-4), which was 

thought to be caused through interactions with ROS, specifically O2
•- (Gryglewsky et 

al., 1986).  NO2
• would have first been reduced to NO through interactions with 

deoxyHb (Doyle et al., 1981) (Reaction 1-4) and then scavenged via interactions with 

O2
•- (Reaction 1-5), alternatively, ROS may act directly on NO2

• and NO3
•.  However, 

these reductions were independent of AMS which suggests ROS may not be fully 
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responsible for the reduction since AMS was associated with a greater degree of 

oxidative stress (data not shown).  Hypoxia per se was not associated with a reduction 

in venous plasma NO2
• despite elevations in ROS (data not shown).  

 

Reaction 1-4  

deoxyHb + NO2
• + H+  NO + metHb + OH-(average k=0.35 M s-1) 

  
 

Reaction 1-5 

Nitric Oxide (NO) + Superoxide (O2
•-
)              Peroxynitrite (ONOO

-
)  

(k ≈6.7 x109 Μ s-1)  
 

Normoxia was associated with a trans-cerebral consumption or uptake of plasma NO2
• 

while this observation was blunted in hypoxia (Table 4-9).  Reduced NO2
• uptake in 

hypoxia was primarily due to a reduction in arterial inflow (Table 4-9).  The reduction 

in arterial inflow may have been due to a number of reasons.  1) a reduction facilitated 

by interactions with ROS (Gryglewsky et al., 1986), 2) due to a down regulation in 

NO generation facilitated by a reduction in substrate (O2) availability or a down 

regulation in eNOS activity (Faller, 1999; Phelan & Faller, 1996; Rengasamy & 

Johns, 1996) or 3) a re-apportionment to other NO species (Rogers et al., 2007). 

 

While both studies showed a tendency for selective reductions in plasma NO 

metabolites (Table 4-9; Figures 4-2 & 4-4) there was a tendency for a concurrent 

increase in RBC associated NO (Table 4-10; Figure 4-7).  This re-apportionment 

phenomenon is a relatively new finding and has previously been reported across the 

coronary and pulmonary circulations (Rogers et al., 2007) as well as by our group 

across the cerebral circulation (Bailey et al., 2009b).  However, alterations in NO 
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bioavailability or NO re-apportionment were not seen to not have any bearing on the 

subsequent development of AMS.  

 

These observations have been attributed to changes in pO2 (Rogers et al., 2007).  This 

is of particular interest to our group as hypoxia is associated with reductions in pO2.  

Study 1 showed hypoxia was associated with a slight increase in Hb-bound NO which 

was more pronounced in those with AMS (Figure 4-7).  This may have been a result 

of these individuals being more hypoxaemic than their relatively healthier 

counterparts (Bailey et al., 2009a) as Hb-bound NO is generally produced in 

deoxygenated situations (Dejam et al., 2005; Kim-Shapiro et al., 2006).  This 

observation was also apparent in study 2 where Hb-bound NO was more abundant in 

venous blood which increased further in hypoxia (Table 4-10).  Selective reductions 

in plasma NO and increases in RBC NO while there was no overall loss of vasoactive 

NO metabolites strengthen the notion that rather than simply being “lost” NO is rather 

re-apportioned to different NO species as outlined previously (Rogers et al., 2007).  

This observation needs to be investigated further and is the focus of current work. 

 

Interestingly, study 1 showed a tendency for AMS+ to be associated with less plasma 

NO2
• and RBC associated NO in normoxia (Figure 4-6), while hypoxia was associated 

with a greater increase in Hb-bound NO in those who developed AMS+ (Figure 4-7).  

This was probably as a consequence of these individuals being more hypoxaemic than 

the non AMS individuals and this facilitating the generation of more Hb-bound NO 

(Dejam et al., 2005; Kim-Shapiro et al., 2006), or a re-apportionment of NO species 

(Rogers et al., 2007).  Greater concentrations of NO may have also directly stimulated 

the trigeminal vascular system which has been implicated in the generation of 
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headache associated with high-altitude (Bailey et al., 2009a; Sanchez del Rio & 

Moskowitz, 1999).  However, alterations in NO bioavailability were not related to 

changes in AMS symptoms (Figures 4-11 & 4-12). 

 

Two previous studies have observed a trans-pulmonary (Berger et al., 2009) and 

trans-cerebral (Peebles et al., 2008) reduction in NO2
•, which was linked to the 

development of high-altitude illness (Berger et al., 2009).  However, in these studies 

plasma NO2
• was the only major vasoactive NO metabolite quantified.  As such a 

potential re-apportionment of plasma NO2
• to Hb-bound NO was unable to be 

assessed.  The reduction in plasma NO2
• may have been counteracted by an increase 

in RBC NO meaning that there was no overall loss of NO.  These studies would have 

been much stronger if other plasma NO and RBC NO metabolites were also 

quantified.   

 

This would have then given the full metabolic profile and the potential re-

apportionment of NO could have been assessed.  As such their conclusions that NO 

bioavailability is reduced and implicated in the pathophysiology of high-altitude 

illness may not be valid; NO may have just been re-apportioned rather than lost.  The 

current work has established a more realistic, systemic and regional, NO metabolic 

profile to be examined in both normoxia and hypoxia and relationships between these 

and the development of AMS to be assessed.  However, no relationships between 

increases or decreases in NO bioavailability were observed.  

 

 NPD is a recently developed measurement that has been used as a surrogate measure 

of sub-clinical pulmonary oedema (Mairbäurl et al., 2003; Mason et al., 2003; Sartori 
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et al., 2004).  Current data suggests that NO bioavailability is not implicated in the 

development sub-clinical oedema.  This is based on the observation that there were no 

changes detected in NPD as a function of hypoxia or exercise, although, questions 

have recently arisen over the use of this measurement in this setting (Mairbäurl, 

2006). 
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General conclusions 

Overall there was no observed link between AMS and vasoactive NO metabolite 

bioavailability.  The accumulation of sub-clinical oedema, seen as a precursor to 

HAPE, was measured using the indirect, surrogate marker of NPD.  The combination 

of the Lake Louise consensus and the ESQ-C questionnaire along headache (VAS) 

was used to diagnose AMS. There was no link between circulating NO metabolite 

concentrations and the development of high-altitude illness; this was contrary to the 

original working hypothesis.  Although, there was a reduction in the total plasma NO 

pool (NOx) in hypoxia which was primarily due to a reduction in NO3
•. 

 

Reductions in NO3
• may not be a contributory factor in the pathogenesis of altitude 

illness as NO3
• is generally seen as a stable end product of NO metabolism and is not 

viewed as a valid marker of NO bioactivity (Kelm, 1999; Lauer et al., 2002).   

Alterations in some of the other more vasoactive NO metabolites maybe implicated in 

some of the vascular changes associated with ascent to high-altitude but the current 

studies failed to convincingly prove that NO is involved with the pathophysiology of 

high-altitude illnesses.  The potential role of excess NO in the development of 

headache at high-altitude warrants further investigation and constitutes the basis of 

our current work. 

 

Experimental issues encountered during the current series of work and the complex 

interactions of NO with various other molecules may have influenced the final results 

and conclusions.  This is however a minimal problem as all subjects were briefed the 

same and all blood samples were treated identically, thus limiting artefacts associated 

with experimental problems.   
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Future research directions 

To follow on from the present series of work our group has a number of further 

studies planned in order to gain further understanding into some of the mechanisms 

discussed. 

 

Antioxidant supplementation study 

We plan to carry out a similar protocol to study 1.  This time we would plan to 

include either oral or intravenous antioxidant supplementation.  This study will use 

ascorbic acid (vitamin C) or a combination of ascorbic acid and α-tocopherol (vitamin 

E) in order to reduce levels of ROS and free-radical mediated lipid peroxidation.  As a 

separate arm to this study ROS could be increased by the infusion of 

lipopolysaccharide (LPS) or with exercise.  Reductions or increases in ROS will 

theoretically serve to protect or disrupt NO bioavailability and neurovascular 

function.   

 

These studies would aim to “swing” ROS concentrations up and down but it would 

also be of interest to directly “swing” NO concentrations up and down independent of 

ROS activity.  This could be achieved by the administration of sodium nitroprusside, 

to increase NO or NG-monomethyl-Larginine (L-NMMA) to reduce endogenous NO 

production. 

 

Coronary artery bypass graft surgery (GABG) 

We are interested in the effects of hypoxia on the metabolic fate of NO and ROS and 

consequent alterations in cerebrovascular function.  The brain is exquisitely sensitive 

to oxidative stress but because of ethical complications it is difficult to carry out 



 
 

187 

studies while making the brain hypoxic while collecting regional blood samples.  

However, funding has recently be secured by Professors DM, Bailey, BK, Pedersen 

and Dr K. Møller of the Centre of Inflammation and Metabolism (CIM), Copenhagen, 

to examine these metabolic consequences in those undergoing and recovering from 

GABG.  

 

The primary objective behind this study will be to assess trans-cerebral ROS/RNS 

exchange kinetics during CABG surgery in order to determine if this is associated 

with postoperative neurological dysfunction experienced by these patients. 

 

Further NO metabolites  

Our group has recently gained access to an assay to quantify 3-Nitrotyrosine (3-NT).  

3-NT is a surrogate measure of peroxynitrite which is formed when superoxide 

inactivates NO (Ferrer-Sueta & Radi, 2009).  The addition of this metabolite to the 

other already measured NO metabolites would give a fuller metabolic profile blood 

borne NO species.  In addition, this metabolite would also give an indication about 

how much of the endogenously produced NO is inactivated by superoxide and give a 

greater understanding to NO’s metabolic fate in hypoxia. 
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Appendix 1 

 
 

Lake Louise Questionnaire 
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Lake Louise AMS scoring system: 
 
Name:    ________________________________________ 
Date:      ________________________ 
Exposure time:    _______ 
Condition:  _______ 
 
Instructions: Please circle the number of each item to correspond to HOW YOU FEEL AT THIS 
PRESENT MOMENT. PLEASE ANSWER EVERY ITEM. If you do not have the specific symptom, 
please circle O.  

Self-assessment score: 
 

1. Headache:       [0] None at all  
         [1] Mild headache    
    [2] Moderate headache 
    [3] Severe headache, incapacitating 
 
2. Gastrointestinal symptoms:     [0] Good appetite 
         [1] Poor appetite/nausea 
         [2] Moderate nausea/vomiting 
         [3] Severe, incapacitating nausea and vomiting  
 
3.  Fatigue and/or weakness     [0] Not tired or weak 
         [1] Mild fatigue/weakness 
         [2] Moderate fatigue/weakness 
         [3]  Severe fatigue/weakness 
 
4.  Dizziness/light-headedness     [0] None 
         [1] Mild 
         [2] Moderate 
         [3] Severe, incapacitating 
 
5. Difficulty sleeping      [0] Slept as well as usual 
         [1] Did not sleep as well as usual 
         [2] Woke many times, poor night’s sleep 
         [3] Could not sleep at all 

 
Clinical score: 

 
1. Change in mental status      [0] No change 
         [1] Letahrgy/lassitude 
         [2] Disorientated/confused 
         [3] Stupor/semiconscious 
         [4] Coma 
 
2.  Ataxia (heel-toe walking)     [0] None 
         [1] Balancing manoeuvres 
         [2] Steps off the line 
         [3] Falls down 
         [4] Unable to stand 
 
3.  Peripheral oedema:      [0] None 
         [1] One location 
         [2] Two or more locations 

 
Functional score: 

 
1. Overall, if you had any of these symptoms, how did   [0] Not at all 
    they affect your general activities?     [1] Mild reduction 
         [2] Moderate reduction 
         [3] Severe reduction (ie. bedrest)   
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Appendix 2 

 
 

Environmental Symptoms 

Questionnaire - Cerebral 
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ESQ-Cerebral Symptoms Questionnaire: 
 
Name:    ________________________________________ 
 
Date:      ________________________ 
 
Exposure time:    _______ 
 
Condition:  _______ 
 
 

Instructions: Please circle the number of each item to correspond to HOW YOU FEEL AT THIS 
PRESENT MOMENT. PLEASE ANSWER EVERY ITEM. If you do not have the specific symptom, 
please circle O (ie. NOT AT ALL)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1. I feel lightheaded:         0  1      2              3              4              5 
 
2. I have a headache:          0  1      2              3              4              5 
 
3. I feel dizzy:           0  1      2              3              4              5 
 
4. I feel faint:           0  1      2              3              4              5 
 
5. My vision is dim:         0  1      2              3              4              5 
 
6. My coordination is off:         0  1      2              3              4              5 
 
7. I feel weak:           0  1      2              3              4              5 
 
8. I feel sick to my stomach (nauseous):       0  1      2              3              4              5 
 
9. I’ve lost my appetite:          0  1      2              3              4              5 
 
10. I feel sick:           0  1      2              3              4              5 
 
11. I feel hungover:          0  1      2              3              4              5 
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The following equation was used to establish the ESQ-C score, where “Q” represents 

the question number and the following number is the factorial weight of that question 

(Sampson et al., 1983): 

 
(Q1*0.489 + Q2*0.465 + Q3*0.446 + Q4*0.346 + Q5*0.501 + Q6*0.519 + Q7*0.387 

+ Q8*0.347 + Q9*0.413 + Q10*0.692 + Q11*0.584)  / 25.95*5 
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Appendix 3 

 
 

Headache visual analogue scale 
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Headache scores: 
 
Name:    ________________________________________ 
 
Date:      ________________________ 
 
Exposure time:    _______ 
 
Condition:  _______ 
 
 
 

 
 

Please indicate on the line below how severe your headache is at the PRESENT MOMENT IN TIME: 
 
 
       NO HEADACHE         MODERATE  
 
 
 
             100 
 
 
          0        50     
 
 

                    MILD       WORSE-POSSIBLE 
       (pressing or throbbing)         (incapacitating) 
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Appendix 4  

 
 

Glamorgan Chamber study – subject 

information & consent 
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Information for subjects  

(Phase III-metabolic study) 

You are being asked to take part in a study run by the University of Glamorgan, 

Health and Exercise Science Department in conjunction with the University Hospital 

of Wales (UHW) Cardiff.  The aim of the study is to further understand the effects of 

different environmental conditions on the human respiratory system and one of the 

mechanisms involved in the development of excess water in the lungs which is 

known as pulmonary oedema.  This is a problem for many patients with cardiac and 

respiratory diseases as well as for fit people working or participating in sport at high 

altitude. 

 

The study will take place in the environmental chamber located at the University of 

Glamorgan under the auspices of Professor DM Bailey.  You will be asked to spend 

8hours in the chamber.  A comfortable bed, television, DVDs and a CD player/radio 

will be provided to make the period in the chamber as comfortable as possible. 

 

The present study will require you to be exposed to two different environmental 

conditions (normoxia equivalent to sea-level conditions and hypoxia equivalent to a 

simulated ascent to 4,600m such as that can be achieved in the Swiss Italian Alps) 

for a period of 8hours on two separate occasions separated by 1 week.  During both 

exposures a number of measurements will be taken, including blood samples.  A 

submaximal exercise test will also be undertaken during this phase.  A maximal 

exercise test will be performed prior to entering the chamber and 15min of exercise, 

at 50% of maximum, will be completed after a period of 4hours in the chamber.  

Measurements will be taken before and after the exercise tests.  In total, 

measurements and blood will be taken on five separate occasions during the 8 

hours.  During each day of testing a total of 250ml of blood will be taken, this is 

approximately the same volume as a small drinking glass.  

  

Measurements taken during the study will require the insertion of a small needle into 

a forearm vein and the insertion of a very fine, soft, (and painless!) plastic tube a few 

centimetres into the nose.  Various solutions will then be perfused into the nose while 

measurements are taken.  The solutions are not dangerous and can be swallowed 
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without harm.  The insertion of the small needle into your arm vein may be 

momentarily uncomfortable.  This will be performed or supervised by an anaesthetist 

from the University Hospital of Wales or Prof. DM Bailey. 

 

During the hypoxic exposure you may experience shortness of breath, elevated heart 

rate, light-headedness and a headache.  However, these symptoms will resolve 

within 30 minutes following return to normoxic conditions and every attempt will be 

made by the supervising physiologists to make this exposure as comfortable as 

possible.  Exit from the chamber can happen immediately and at any time. 

 

Data collected throughout the study will be used for research purposes only and will 

be kept anonymous and confidential.  

 

If you require any further information and are interested in volunteering, please 

contact: 

Kevin Evans      Prof. Damian Miles Bailey 

Research Student (B43)    School of Applied Sciences 

School of Applied Sciences    University of Glamorgan 

University of Glamorgan    Pontypridd 

Pontypridd      CF37 1DL 

CF37 1DL 

 

Phone: (01443) 482282 

E-Mail: kaevans@glam.ac.uk     E-Mail: dbailey1@glam.ac.uk 
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Consent Form 

 

I ……………………………………………. (print name) declare that I have read 

and understand the ‘Information for subjects’ document and that I have had all 

my questions answered to my satisfaction. 

I understand that I can withdraw from the study at any time. 

I hereby give my consent to participate in the study. 

 

Signature of subject……………………………………….. Date …………… 

 

Witnessed by: 

Signature of Prof. DM Bailey……………………………          Date…………… 

 

Kevin Evans      Prof. Damian Miles Bailey 

Research Student (B43)    School of Applied Sciences 

School of Applied Sciences    University of Glamorgan 

University of Glamorgan    Pontypridd 

Pontypridd      CF37 1DL 

CF37 1DL 

 

Phone: (01443) 482282 

E-Mail: kaevans@glam.ac.uk     E-Mail: dbailey1@glam.ac.uk 
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Appendix 5  

 
 

Copenhagen brain study – subject 

information, consent & ethical 

approval 
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Information for subjects  

1. Study title 
 
Cerebral blood flow, metabolism and cytokine release during hypoxia and 
endotoxaemia in humans. 
 
2. What is the purpose of the study? 
 
The overall purpose of the study is to examine the molecular response to 
inspiratory hypoxia with a specific focus on the circulating concentrations of 
various molecules within the blood and the effect these molecules have on the 
bodies ability to control blood flow to the brain.   
 

3. Why have I been chosen?  
 
You have been chosen because you have expressed an interest and you 
have no underling illnesses.  Also, you have normal cerebral blood vessels 
and no specific risk factors for diseases that affect these vessels.  
 
4.  Do I have to take part? 
 
Your participation in this study is entirely voluntary.  You can decline to take 
part or withdraw at any time without explanation. 
 

 
5. What will happen to me if I take part? 

 
We will fully explain the procedure and ask you to sign a consent form. The 
study will take place at the Centre of Inflammation and Metabolism (CIM), 
which is part of the University Hospital, Copenhagen.  Reasearch will be 
carried out under the auspices of Dr. Kirsten Møller (http://inflammation-
metabolism.dk/index.php?pageid=111&username=kirsten) and Professor DM 
Bailey (http://people.glam.ac.uk/view/924/#publications) who have both got 
extensive experience in this area of research. 
 
6. What do I have to do? 

 
Once you have read this form and had time to think about the study, you will 
be contacted by Dr. Kirsten Møller to attend CIM for brief discussion. 
 
If you agree to participate you will be asked to sign the consent form after 
everything has been explained to you.  A clinical member of the research 
team will then perform a standard medical examination designed to assess 
whether you are indeed healthy.  The study involves a variety of physiological 
and biochemical measurements. 
 
These measurements will require the insertion of four needles into different 
blood vessels (2 venous and 1 arterial line in the arm and 1 venous line in the 
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neck).  All catheters will be placed by an experienced anaesthetist (Dr. Kirsten 
Møller) under standard clinical guidelines. 
 
You will then be asked to remain bed bound for 12 hours while you breathe 
either normoxic or hypoxic air.  At various time points throughout your time in 
the laboratory a number of blood samples will be taken from the already 
placed catheters.  You will also have various clinical, substances injected into 
certain catheters.  These substances will enable certain calculations to be 
made.  All substances are safe and have been passed through a medical 
ethics committee (Copenhagen and Frederiksberg (KF01-290/011) and will be 
infused by medically trained personal, full medical support will be close to 
cope with any adverse effects.  
 
7. What are the side effects of taking part? 
 
Some people feel faint and you have a 1 in 2 chance (approximately) of 
developing a throbbing type of headache not too dissimilar from a mild 
migraine known as acute mountain sickness.  There is pure oxygen available 
at all times if you start to experience any unpleasant symptoms which resolve 
spontaneously after breathing “normal” air.  It is also possible you may have 
some bruising to your forearm and neck as a result of the needles required for 
the experiment, discomfort may also be experienced during the insertion of 
the needles but this will be momentarily and will not last for long. 
 
8. What are the possible disadvantages and risks of taking part? 
 
These are the same as stated in section 7.  We anticipate that you will 
experience some degree of acute mountain sickness which is often, an 
unavoidable and “natural” response to climbing to high-altitudes.  One of the 
substances injected into you may make these symptoms worse but not over 
bearing.  
 
9. What are the possible benefits of taking part? 

 
There is no direct benefit to you personally, but by studying the factors that 
influence oxygen delivery to the brain we may be better able to understand 
what causes brain-related conditions such migraine and stroke. 
 
10. What happens when the research study stops? 
 
You will not be asked to attend any additional follow up visits for the purpose 
of the study. 
 
11.  What if something goes wrong? 
 
If you suffer negligent harm during sea-level testing as a result of participation 
in the study you will be covered by the University of Copenhagen, 
Rigshospitalet, insurance policies. 
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12. Will my taking part in this study be kept confidential? 
 
All study personnel will collect information about you.  This will remain 
confidential.  This data will be kept in a secure office at the University of 
Glamorgan or University of Copenhagen (CIM) under the auspices of 
Professor DM Bailey and Dr. Kirsten Møller.  Anonymity will be maintained 
throughout the study. 
 

13.  What will happen to the results of the research study? 
 
The data from this study may be used in publications.  However, your name 
will not appear in the publications. 
 
14.  Who is organising and funding the research? 
 
The study has been funded and organised jointly by the University of 
Glamorgan and The Centre of Inflammation and Metabolism. 
 
15. Who has reviewed the study? 
 
The study has been approved by the ethics committees of Copenhagen and 
Frederiksberg (KF01-290/011). 
 

18. Contact for further information. 
 
If you have any questions about the study, please contact Dr. Kirsten Møller : 
 
Phone: +45 35451616 
Email: kirsten.moeller@rh.regionh.dk 
 
Intensive Care Unit, 4131 / CIM, Dept. of Infectious Diseases, M7641 
Rigshospitalet 
Blegdamsvej 9 
DK-2100 Copenhagen 
DENMARK 
  
Or Professor Damian M Bailey 
 
Phone:+44 1443-482296 
 
Email: dbailey1@glam.ac.uk 
 
Neurovascular Research Laboratory, 
Faculty of Health Sport and Science  
University of Glamorgan 
UK 
CF37 1DL 
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Volunteer Identification Number for this Study: 
 
 
 

CONSENT FORM 
 

“Cerebral blood flow, metabolism and cytokine release during hypoxia 
and endotoxaemia in humans” 

 
 

 

Name of Principal Investigator: Professor Damian M. Bailey 
Name of Co-Investigators: Dr. Kirsten Møller  
 
 
Please initial each box 
 

1. I confirm that I have read and understood the  
information sheet for the above study and have 
had the opportunity to ask questions. 

 
 

2. I understand that my participation is voluntary and  
that I am free to withdraw at any time without giving  
any reason. 

 
 

3. I agree to take part in the above study. 
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Ethics approval:  
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Appendix 6  

 
 

Peer reviewed publications: 
Full papers 
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Altered free radical metabolism in acute mountain sickness: implications for 

dynamic cerebral autoregulation and blood–brain barrier function 

 
Bailey, D.M; Evans, K.A; James, P.E; McEneny, J; Young, I.S; Fall1, L; Gutowski, 
M; Kewley, E; McCord, J.M;  Møller, K and P. N. Ainslie. 
 

Journal of Physiology, 2009, 587 (1): 73-85 

 
 
Trans-cerebral exchange kinetics of nitrite and calcitonin gene-related peptide in 

acute mountain sickness - Evidence against trigeminovascular activation? 

 
Bailey, D.M;  Taudorf, S; Berg, R.M.G; Jensen, L.T; Lundby, C;  Evans, K.A; James, 
P.E; Pedersen, B.K;  Moller, K. 
 
Stroke, 2009, 40(6):2205-8 

 
 

Increased cerebral output of free radicals during hypoxia; implications for acute 

mountain sickness? 
 
Bailey, D.M;  Taudorf, S; Berg, R.M.G; Lundby, C; McEneny, J; Young, I.S;   
Evans, K.A; James, P.E;  Shore, A; Hullin, D.A; McCord, J.M; Pedersen, B.K;  
Moller, K. 
 
American Journal of Physiology - Regulatory, Integrative and Comparative 
Physiology (2009) (in the press). 
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Appendix 7  

 
 

Peer reviewed publications: 
Oral presentations 
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Cerebral haemodynamics during exercise and hypoxia; “downstream” 

consequences for pulmonary function 
 

Evans, K.A; Ainslie, P.N; Fall, L; Martins, P; Kewley, E; Mason, N.P; Bailey, D.M 

 

Oral presentation at St. Catherine’s College Oxford, Medical Expeditions, High 
Altitude Physiology conference, 2005. 
 
Received young investigators award. 

 
 

Systemic nitric oxide bio-availability; a metabolic risk factor for AMS? 

 
Evans, K.A; James, P.E; Ainslie, P.N; Fall, L; Martins, P; Kewley, E; Bailey, D.M 

 

Oral presentation at Altitude Research conference, Birmingham Medical Research 
Expeditionary Society, Birmingham, 2006. 

 
 
Exercise-induced arterial hypoxaemia is associated with a reduction in the 

systemic bioavailability of nitric oxide  

 
Evans, K.A; James, P.E; Ainslie, P.N; Fall, L; Martins, P; Kewley, E; Bailey, D.M 

  
Oral presentation at Physiological Society’s Life Sciences meeting, Glasgow, 2007.  
 
Considered for a young investigators award. 

 
 
Redox-regulation of vascular NO bio-reactivity in hypoxia; implications for 

acute mountain sickness?  

 
Evans, K.A; James, P.E; Ainslie, P.N; McEneny, J; Young, I.S; Fall, L; Gutowski, 
M; Kewley, E; McCord, J.M; Bailey, D.M 

 
Invited speaker at the Cardiovascular Sciences Interdisciplinary Research Group 
(CVS-IRG) seminar series (March 2008), Wales Heart Research Institute, University 
Hospital of Wales, Cardiff. 
 
No abstract produced. 
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Cerebral haemodynamics during exercise and hypoxia; “downstream” 

consequences for pulmonary function 
 

Evans, K.A
1; Ainslie, P.N2; Fall, L1; Martins, P1; Kewley, E1; Mason, N.P3; Bailey, 

D.M1 

 

1Department of Physiology, University of Glamorgan, Pontypridd, UK; 2Department 
of Physiology, University of Otago, Dunedin, New Zealand;  3Department of Critical 
Care Medicine, University Hospital of Wales, Cardiff UK.  
 
A reduction in cerebral oxygenation may contribute to brain swelling and 
neurovascular headache (Bailey et al., 2006) which in severe cases may progress to 
pulmonary oedema. This suggests that remote pulmonary complications may have a 
neurogenic basis. The present study combined exercise and hypoxia to effect changes 
in cerebral oxygen (O2) delivery and examine implications for cerebral autoregulation 
and pulmonary function in individuals susceptible to hypoxic headache (HHS) 
compared to those who are resistant (HHR).   
 
Following ethical approval, eighteen males aged 26 ± 6 (mean ± SD) years were 
examined at rest in normoxia (N-REST), after 6h passive exposure to 12% O2 (H-
REST) and following a maximal cycling test (H-EXERCISE).  Middle cerebral artery 
blood flow velocity (transcranial doppler) and mean arterial blood pressure 
(plethysmography) were recorded continuously during an acute hypotensive challenge 
to calculate a dynamic rate of cerebral autoregulation (ROR) and estimated 
intracranial pressure (eICP).  Transepithelial nasal potential difference (NPD) 
recordings were obtained as an indirect measure of alveolar ion transport.  Dyspnoea 
and headache ratings were recorded according to established clinical guidelines. 
 
Cerebral autoregulation was impaired in the HHS group, indicated by a greater 
decrease in ROR during passive exposure and lack of increase following exercise (N-
REST: 0.27 ± 0.08 vs 0.24 ± 0.05; H-REST: 0.18 ± 0.05 vs 0.33 ± 0.13; H-
EXERCISE: 0.27 ± 0.09 vs 0.32 ± 0.06 seconds, HHS vs HHR). In contrast there 
were no detectable differences observed in eICP (N-REST: 28.4 ± 14.5 vs 28.8 ± 5.7; 
H-REST: 36.8 ± 11.0 vs 23.8 ± 15.1; H-EXERCISE: 23.8 ± 11.4 vs 33.0 ± 10.6 
mmHg, HHS vs HHR) or NPD (N-REST: -17.3± 5.4 vs -23.3 ± 5.4; H-REST: -19.1 ± 
7.4 vs -23.1 ± 4.5; H-EXERCISE: -20.1±5.0 vs -23.3 ± 5.2mV, HHS vs HHR). 
Dyspnoea ratings were greater in HHS group 
 
These findings suggest that a transient impairment in cerebral autoregulation may 
contribute to the sensation of breathlessness in hypoxia and exercise.  The lack of 
change in NPD tentatively excludes interstitial pulmonary oedema as a contributory 
factor. 
 

REFERENCES 

Bailey, D.M., et al. (2006). J Cereb Blood Flow Metab. 16(1): 99-111. 
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Systemic nitric oxide bio-availability; a metabolic risk factor for AMS? 

 
Evans, K.A

1; James, P.E3; Ainslie, P.N2; Fall, L1; Martins, P1; Kewley, E1; Bailey, 
D.M1 

 

1Hypoxia Research Unit, University of Glamorgan, UK; 2Department of Physiology, 
University of Otago, New Zealand and 3Wales Heart Research Institute, University of 
Wales College of Medicine, UK.  
 

Aims: Previous research in our laboratory has identified that AMS susceptible 
subjects (AMS+) are more prone to oxidative stress compared to their AMS free 
counterparts (AMS-). To extend this work, the current study examined the potential 
patho-metabolic significance of altered systemic nitric oxide bio-availability. 
 

Methods: Following ethical approval and written informed consent, venous samples 
were obtained in 18 resting males while exposed to normoxia (NORMOXIA) and 
following 6h passive exposure to 12%O2 (HYPOXIA).  The plasma concentration of 
total nitric oxide (NOx), S-nitrosothiol species (RSNO) and nitrite were assayed using 
ozone-based chemiluminescence.  Samples were corrected for plasma volume shifts 
according to established techniques.  Clinical AMS (moderate to severe) was 
diagnosed if a subject presented with a total Lake Louise score (self assessment + 
clinical scores) of ≥5 points and Environmental Symptoms Questionnaire cerebral 
symptoms score ≥0.7 points.  
 

Results: While clinical AMS was diagnosed in 50% of subjects, we did not observe 
any defining differences in any of the metabolic parameters examined (Table 1). 
 

Conclusions: The present findings suggest that systemic nitric oxide bioavailability is 
not a pathophysiological risk factor for AMS and thus cannot account for the transient 
impairment in cerebro-vasoreactivity and intracranial hypertension recently described 
by our group. By documenting the cerebral exchange kinetics of nitric oxide, our 
current efforts will examine whether regional differences in nitric oxide 
bioavailability constitute a metabolic risk factor.  
 

Table 1.  Nitric oxide metabolites in AMS 
 
Inspirate: NORMOXIA HYPOXIA 

Group: AMS (+) AMS (-) AMS (+) AMS (-) 

Total NOx 
(nmol/L) 

486.8 ± 123.8 515.8 ± 179.4 531.0 ± 148.8 427.6 ± 75.3 

     
RSNO (nmol/L) 7.4 ± 7.0 8.1  ± 7.1 12.9  ±  21.2 10.2  ± 17.7 
     
Nitrite (nmol/L) 479.4  ± 125.2 507.7  ± 177.9 518.2  ± 128.6 417.3  ± 70.1 
     
Data expressed as mean ± SD and analysed using a 2-way (group x inspirate) repeated 
measures analysis of variance. 
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Exercise-induced arterial hypoxaemia is associated with a reduction in the 

systemic bioavailability of nitric oxide  

 
Evans, K.A

1; James, P.E2; Ainslie, P.N3; Fall, L1; Martins, P1; Kewley, E1; Bailey, 
D.M1 

 

1Neurovascular Research Unit, University of Glamorgan, UK 
2Wales Heart Research Institute, University of Wales College of Medicine, UK 
3Department of Physiology, University of Otago, New Zealand  

 

Exercise and hypoxia can independently generate free radicals subsequent to a 
decrease in intracellular oxygenation (Bailey et al., 2007). The oxidative stress 
typically associated with exercise-induced arterial hypoxaemia (Bailey et al., 2001) 
may have important implications for vascular homeostasis since the superoxide anion 
can directly scavenge endothelium-derived nitric oxide (NO) (Gryglewsky et al., 
1986).  Thus, the present study tested the hypothesis that exercise-induced arterial 
hypoxaemia would be associated with a “downstream” reduction in the systemic 
bioavailability of NO. 
 

Eighteen healthy male volunteers aged 26 ± 6 (mean ± SD) years were examined at 
rest in normoxia, after 6h passive exposure to normobaric hypoxia that required 
volunteers to inspire 12% oxygen (HYP-REST) and immediately following a 
maximal cycling test to volitional exhaustion (HYP-EX).  The venous plasma (200µl 
injection) and red blood cell (RBC-100µl injection) concentrations of total NO were 
assayed using a modified ozone-based chemiluminescence technique (Rogers et al., 
2005) and not subject to plasma volume correction. Arterial haemoglobin oxygen 
saturation (SaO2) was measured using pulse-oximetry calibrated at the respective 
inspirates.  Data were not normally distributed (Shapiro-Wilk-W tests) and thus 
differences relative to the normoxic control values were assessed using Wilcoxon 
Matched Pairs Signed Ranks Tests. 
 
Despite a marked decrease in SaO2 during HYP-REST (-12 ± 4%, P < 0.05 vs. 
normoxia), no changes were observed in the plasma (-6.4 ± 201.4 nmol/L, P > 0.05) 
or RBC (+15.6 ± 121.6 nmol/L, P > 0.05) concentration of total NO. In contrast, 
HYP-EX was associated with a more marked reduction in SaO2 (-18 ± 6%, P < 0.05) 
and concomitant decrease in plasma (-155.5 ± 228.1 nmol/L, P < 0.05) and RBC (-
45.0 ± 119.2 nmol/L, P < 0.05) total NO.  
 
The present findings indicate that active but not passive exposure to inspiratory 
hypoxia caused a reduction in the systemic bioavailability of NO.  We suggest that 
this may be due to the more severe arterial hypoxaemia encountered when exercise is 
superimposed on inspiratory hypoxia and its subsequent ability to compound 
reductive stress (Bailey et al., 2001).    
 

REFERENCES 
 

Bailey DM et al. (2007). Free Rad Res 41, 182-190 
Bailey DM et al. (2001). Clin Sci 101, 465-475 
Gryglewsky RJ et al. (1986). Nature 320, 454-456. 
Rogers SC et al. (2005). J Biol Chem  280, 26720-26728 
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Poster presentations 
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Cerebral haemodynamics during exercise and hypoxia; “downstream” 

consequences for pulmonary function 

 
Evans, K.A; Ainslie, P.N; Fall, L; Martins, P; Kewley, E; Mason, N.P; Bailey, D.M 

 

Poster presentation at Focused meeting of the Physiological Society, The 
Neuroscience of Human Movement in Health and Disease, University College 
London, UK, 2005.   

Considered for “Blue Ribbon” award. 

 
 

 

Systemic nitric oxide bio-availability; a metabolic risk factor for AMS? 

 
Evans, K.A; James, P.E; Ainslie, P.N; Fall, L; Martins, P; Kewley, E; Bailey, D.M 

 
Poster presentation at the Physiological Society’s main meeting 2006, University 
College London. 

 
 

Systemic nitric oxide bioavailability is not implicated in the pathophysiology of 

AMS 

 
Evans, K.A; James, P.E; Ainslie, P.N; Fall, L; Martins, P; Kewley, E; Bailey, D.M 

 
Poster presentation at Hypoxia 2007, Lake Louise, Canada 

 
 
Increased vascular nitrite bio-availability in acute mountain sickness; focus on 

blood-brain barrier function  

 
Evans, K.A; James, P.E; Ainslie, P.N; Fall, L; Kewley, E; Bailey, D.M 

 
Poster presentation at the Physiological Society’s main meeting 2008, Cambridge 
University. 
 

 

 

Altered systemic metabolism of nitrite and S-nitrosohaemoglobin in AMS 

 
Evans, K.A; Fall, L; James, P.E; Ainslie, P.N; Bailey, D.M 

 
Poster presentation at Hypoxia 2009, Lake Louise, Canada. 
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Molecular evidence for blood-brain barrier disruption in the absence of 

structural tissue damage during acute exposure to inspiratory hypoxia 

 
Evans, K.A; Taudorf, S; Berg, R.M.G; Lundby, C; McEneny, J; Young, I.S; James, 
P.E; McCord, J.M; Pedersen, B.K;  Moller, K; Bailey, D.M;   
 

Poster presentation at the Physiological Society’s main meeting 2009, University 
College Dublin. 
 
Considered for “Blue Ribbon” award 

 

Cerebral exchange kinetics of nitrite and calcitonin gene-related peptide in acute 

mountain sickness 
 
Bailey, D.M; Taudorf, S; Berg, R.M.G; Lundby, C; Evans, K.A; Jensen, L.T; James, 
P.E; Pedersen, B.K;  Moller, K. 
 
Presentation at the Physiological Society’s main meeting 2008, Cambridge 
University. 
 

 

 

Hypoxia triggers oxidative-nitrative stress in the human brain 
 
Bailey, D.M; Taudorf, S; Berg, R.M.G; Lundby, C; McEneny, J; Young, I.S; Evans, 
K.A; James, P.E; McCord, J.M; Pedersen, B.K; Moller, K. 
 
Presentation at the Physiological Society’s main meeting 2009, University College 
Dublin. 
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Cerebral haemodynamics during exercise and hypoxia; “downstream” 

consequences for pulmonary function 
 

Evans, K.A
1; Ainslie, P.N2; Fall, L1; Martins, P1; Kewley, E1; Mason, N.P3; Bailey, 

D.M1 

1Department of Physiology, University of Glamorgan, Pontypridd, UK; 2Department 
of Physiology, University of Otago, Dunedin, New Zealand;  3Department of Critical 
Care Medicine, University Hospital of Wales, Cardiff UK.  
 

A reduction in cerebral oxygenation may contribute to brain swelling and 
neurovascular headache (Bailey et al., 2006) which in severe cases may progress to 
pulmonary oedema. This suggests that remote pulmonary complications may have a 
neurogenic basis. The present study combined exercise and hypoxia to effect changes 
in cerebral oxygen (O2) delivery and examine implications for cerebral autoregulation 
and pulmonary function in individuals susceptible to hypoxic headache (HHS) 
compared to those who are resistant (HHR).   
 

Following ethical approval, eighteen males aged 26 ± 6 (mean ± SD) years were 
examined at rest in normoxia (N-REST), after 6h passive exposure to 12% O2 (H-
REST) followed by a maximal cycling test (H-EXERCISE).  Middle cerebral artery 
blood flow velocity (transcranial doppler) and mean arterial blood pressure 
(plethysmography) were recorded continuously during an acute hypotensive challenge 
to calculate a dynamic rate of cerebral autoregulation (ROR).  Transepithelial nasal 
potential difference (NPD) recordings were obtained as an indirect measure of 
alveolar ion transport.  Dyspnoea and headache ratings were recorded according to 
established clinical guidelines. 
 

Six subjects were excluded from overall analyses due to experimental complications. 
Table 1 identifies that cerebral autoregulation was impaired in the HHS group as 
indicated by the greater decrease in ROR during passive exposure to hypoxia and lack 
of increase following exercise.  Dyspnoea ratings were elevated and a negative 
relationship was observed between the increase (H-REST minus N-REST) in ratings 
and decrease in ROR (r = -0.81, P = 0.05).  In contrast, there were no detectable 
differences observed in NPD. 
 

These findings suggest that a transient impairment in cerebral autoregulation may 
contribute to the sensation of breathlessness in hypoxia and exercise.  The lack of 
change in NPD tentatively excludes interstitial pulmonary oedema as a contributory 
factor. 
 

Table 1. Cerebro-pulmonary function during hypoxia and exercise in HHS 
Condition: N-REST H-REST H-EXERCISE 
Group: HHS HHR HHS HHR HHS HHR 
ROR (sec)* 0.27 ± 0.08 0.24 ± 0.05 0.18 ± 0.05 0.33 ± 0.13 0.27 ± 0.09 0.32 ± 0.06 
Total NPD (mV) -17.3 ± 5.4 -23.3 ± 5.4 -19.1 ± 7.4 -23.1 ± 4.5 -20.1 ± 5.0 -23.3 ± 5.2 
Dyspnoea (mm)† 0 ± 0 0 ± 0 31 ± 24 5 ± 5 29 ± 18 11± 6 
Values are means ± SD; HHS (n = 6); HHR (n = 6); *main effect for group and †main effects for 
condition and group (P < 0.05, two-way repeated measures ANOVA); 
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Systemic nitric oxide bio-availability; a metabolic risk factor for AMS? 
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Aims: Previous research in our laboratory has identified that AMS susceptible 
subjects (AMS+) are more prone to oxidative stress compared to their AMS free 
counterparts (AMS-). To extend this work, the current study examined the potential 
patho-metabolic significance of altered systemic nitric oxide bio-availability. 
 

Methods: Following ethical approval and written informed consent, venous samples 
were obtained in 18 resting males while exposed to normoxia (NORMOXIA) and 
following 6h passive exposure to 12%O2 (HYPOXIA).  The plasma concentration of 
total nitric oxide (NOx), S-nitrosothiol species (RSNO) and nitrite were assayed using 
ozone-based chemiluminescence.  Samples were corrected for plasma volume shifts 
according to established techniques.  Clinical AMS (moderate to severe) was 
diagnosed if a subject presented with a total Lake Louise score (self assessment + 
clinical scores) of ≥5 points and Environmental Symptoms Questionnaire cerebral 
symptoms score ≥0.7 points.  
 

Results: While clinical AMS was diagnosed in 50% of subjects, we did not observe 
any defining differences in any of the metabolic parameters examined (Table 1). 
 

Conclusions: The present findings suggest that systemic nitric oxide bioavailability is 
not a pathophysiological risk factor for AMS and thus cannot account for the transient 
impairment in cerebro-vasoreactivity and intracranial hypertension recently described 
by our group. By documenting the cerebral exchange kinetics of nitric oxide, our 
current efforts will examine whether regional differences in nitric oxide 
bioavailability constitute a metabolic risk factor.  
 

Table 1. Nitric oxide metabolites in AMS 
 
Inspirate: NORMOXIA HYPOXIA 

Group: AMS (+) AMS (-) AMS (+) AMS (-) 

Total NOx 
(nmol/L) 

486.8 ± 123.8 515.8 ± 179.4 531.0 ± 148.8 427.6 ± 75.3 

     
RSNO (nmol/L) 7.4 ± 7.0 8.1  ± 7.1 12.9  ±  21.2 10.2  ± 17.7 
     
Nitrite (nmol/L) 479.4  ± 125.2 507.7  ± 177.9 518.2  ± 128.6 417.3  ± 70.1 
     
Data expressed as mean ± SD and analysed using a 2-way (group x inspirate) repeated 
measures analysis of variance. 
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Acute exposure to inspiratory hypoxia is associated with increased free radical 
generation which may have implications for nitric oxide (NO) bio-availability, 
neurovascular function and susceptibility to acute mountain sickness (AMS). The 
present study tested the hypothesis that acute exposure would decrease the systemic 
concentration of NO and that this response would be more marked in subjects who 
developed AMS (AMS+) compared to their healthier counterparts (AMS-).  
 
Following ethical approval and written informed consent, venous samples were 
obtained from 18 males without a prior history of AMS in normoxia (21% O2-N) and 
following 6h passive exposure to normobaric hypoxia (12% O2-H).  The plasma 
(200µl sample injection) and red blood cell (100µl injection) concentrations of total 
nitric oxide (NOx) were assayed using a modified ozone-based chemiluminescence 
technique and were not corrected for plasma volume shifts.  Clinical AMS (moderate 
to severe) was diagnosed if a subject presented with a cumulative Lake Louise score 
(self assessment + clinical score) of ≥5 points and Environmental Symptoms 
Questionnaire Cerebral Symptoms score ≥0.7 points.  Data were not normally 
distributed and subsequently analyzed using a Mann-Whitney U Test and are 
expressed as mean ± SD. 
 
Nine subjects were diagnosed with AMS (50% of group). No within or between group 
differences were observed during either N or H in the plasma (N-AMS+: 486.8 ± 
123.8 vs. N-AMS-: 515.8 ± 179.4 nmol/L, P > 0.05 and H-AMS+: 542.4 ± 141.2 vs. 
H-AMS-: 447.6 ± 87.0 nmol/L, P > 0.05) or RBC (N-AMS+: 118.1 ± 91.0 vs. N-
AMS-: 180.7 ± 156.5 nmol/L, P > 0.05 and H-AMS+: 168.8 ± 72.2 vs. H-AMS-: 
173.3 ± 71.5 nmol/L, P > 0.05) concentration of NOx.   
 
These findings suggest that “systemic” NO bio-availability is not implicated in the 
pathophysiology of AMS. 
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Inspiratory hypoxia can cause neurovascular headache which is the primary symptom 
responsible for acute mountain sickness (AMS).  We examined if the more marked 
arterial hypoxaemia typical of AMS would promote an increase in vascular nitrite 
(NO2

•) bioavailability to cause cerebral over-perfusion and mechanical disruption of 
the blood-brain barrier (BBB) since vasogenic oedema has previously been 
documented in hypoxia (Bailey et al., 2006).  
 

Eighteen males aged 26 (mean) ± 6 (SD) years were examined in normoxia (21% O2) 
and after 6h exposure to normobaric hypoxia (12% O2). Blood flow velocity in the 
middle cerebral artery (MCAv) was recorded via trans-cranial Doppler ultrasound and 
arterial haemoglobin oxygen saturation (SaO2) measured via pulse-oximetry.  Clinical 
AMS was diagnosed as described previously (Bailey et al., 2006).  Venous samples 
were obtained from an antecubital vein and assayed for plasma NO2

• (ozone 
chemiluminescence) and serum S100β (radio-immunoassay). 
 

Nine subjects developed clinical AMS (AMS+) compared to the remaining 9 who 
were healthy (AMS-). Hypoxia decreased SaO2 more markedly in AMS+ compared to 
AMS- (-18 ± 5 vs. -13 ± 5%, P < 0.05).  However, while neither AMS nor hypoxia 
influenced NO2

• or S100β (Table 1) there was a tendency towards an increase in NO2
• 

in AMS+ and decrease in AMS-. MCAv decreased in hypoxia but was not different 
between groups. 
 

These findings suggest that increased NO2
• bioavailability may be implicated in the 

pathphysiology of AMS via mechanisms independent of cerebral over-perfusion and 
BBB disruption. 
 

Table 1. Metabolic-haemodynamic data 
Group: AMS-  AMS+ 

Condition: NORMOXIA HYPOXIA NORMOXIA HYPOXIA 

NO2
• (nmol) 508 ± 178 437 ± 81 479 ± 125 529 ± 121 

  
∆ (nmol) -71 ± 214 50 ± 180 
S100β (µg/L) 0.04 ± 0.03 0.05 ± 0.05 0.03 ± 0.04 0.06 ± 0.07 
  

∆ (µg/L) 0.01 ± 0.05 0.03 ± 0.04 
MCAv (cm/sec) 60.1 ± 10.6 51.8 ± 9.2 56.6 ± 10.7 53.2 ± 14.1 
 Hypoxia < Normoxia (P < 0.05) 

∆ (cm/s) -8.3 ± 6.7 -3.3 ± 14.4 

Values are mean ± SD; ∆, hypoxia minus normoxia. Data analysed using a two factor 
repeated measures analysis of variance and independent samples t-test.  
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Objective: Nitrite (NO •

2 ) reduction and S-nitrosohaemoglobin (SNO-Hb) formation 

have been identified as potential nitric oxide (NO) reservoirs that are capable of 
preserving NO bioactivity and facilitating hypoxic vasodilatation. Since subjects with 
AMS (AMS+) are typically more hypoxemic than their healthy (AMS-) counterparts, 
we examined if this was due to a functional impairment in the systemic metabolism of 

NO •

2  and SNO-Hb during acute exposure to inspiratory hypoxia. 

 
Methods: Eighteen healthy males (aged 26 ± 6 years) were examined in normoxia 
and following 6h passive exposure to 12% O2. AMS was diagnozed if subjects 
presented with a Lake Louise (self + clinical) score of ≥5 points combined with a 

Cerebral Symptoms Score ≥0.7 points.  The plasma concentrations of NO •

2 and SNO-

Hb in venous blood were assessed via ozone-based chemiluminescence.  Arterial 
hemoglobin oxygen saturation (SaO2) was measured by pulse oximetry.  Data were 
analyzed using paired samples t-tests and expressed as mean ± SD. 
 
Results: Nine subjects (50%) developed clinical AMS and were more hypoxemic 
(hypoxia minus normoxia) relative to healthy controls (AMS+: -18 ± 5 vs. AMS-: -13 
± 5%, P < 0.05).  There was a tendency towards a greater increase (hypoxia minus 

normoxia) in plasma NO •

2  (AMS+: +50 ± 180 vs. AMS-: -71 ± 214 nmol) and SNO-

Hb (AMS: +28.9 ± 29.7 vs. AMS-: +9.6 ± 38.3 nmol) in AMS+ though the 
differences did not attain statistical significance. 
 
Conclusions: These findings tentatively suggest that AMS is associated with (a 

tendency towards) an increased systemic bioavailability of NO •

2  and SNO-Hb that 

may represent functional “back-pockets” of NO that serve to defend vascular O2 
delivery in the face of prevailing arterial hypoxemia.  Moreover, these noxious agents 
may result in direct activation of the trigeminovascular system that may prove the 
primary mechanism that causes AMS. 
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It has been suggested that inspiratory hypoxia may cause molecular opening of the 
blood brain barrier (BBB) in the absence of structural neuronal-parenchymal damage 
subsequent to a systemic accumulation of free radicals (Bailey et al., 2009).  
Therefore the current study aimed to establish changes in regional metabolism, 
specifically the trans-cerebral exchange of S100β and neuron-specific enolase (NSE) 
to distinguish potential “barrier disruption” from structural “brain tissue damage” 
caused by hypoxia. 
 
Ten healthy males aged 27 (mean) ± 4 (SD) years were examined in normoxia and 
following 9h passive hypoxia (12.9%O2).  Internal jugular venous and radial arterial 
bloods were collected simultaneously for the measurement of serum S100β and NSE 
by ELISA. Global cerebral blood flow (CBF) was measured using the Kety-Schmidt 
technique (Kety & Schmidt, 1948) and global cerebral plasma flow (CPF) determined 
as CBF x (1-haematocrit). Trans-cerebral net exchange was calculated as the arterio-
jugular venous concentration difference x CIF.  Data were analysed using a two-way 
repeated measures ANOVA and post-hoc Bonferroni-corrected paired samples t-tests.  
 
Hypoxia was associated with a general increase in S100β (arterial inflow and venous 
output) whereas NSE decreased (Table 1).  The net cerebral output of S100β and 
uptake of NSE observed during normoxia was shown to persist without any further 
changes incurred during hypoxia.  
 
These findings provide the first regional molecular evidence to suggest that hypoxia 
causes subtle barrier disruption in the absence of neuronal-parenchymal brain injury. 
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Table 1 Brain-specific proteins 
Condition: Normoxia  Hypoxia 

Sample site: Arterial Venous Arterial Venous 

S100β (ng/L) 20.57 ± 11.53 53.46 ± 3.03 44.20 ± 12.98 74.32 ± 29.94 
 Main effects for condition + sample site 

a-vD (ng/L) -32.89 ± 12.25 -30.12 ± 24.30 
Net exchange (ng/g/min) -16.86 ± 6.45 -17.09 ± 14.58 
  
NSE (µg/L) 3.88 ± 1.06 3.24 ± 1.29 3.33 ± 0.64 2.73 ± 1.07 
 Main effects for condition + sample site 

a-vD (µg/L) 0.64 ± 0.84 0.61 ± 0.60 
Net exchange (µg/g/min) 0.30 ± 0.36 0.35 ± 0.40 

Values are mean ± SD; NSE; a-vD, arterial minus venous concentration difference; main effect for 
condition indicates a pooled (arterial + venous) difference (P < 0.05) between normoxia vs. hypoxia; 
main effect for sample site indicates a pooled (normoxia + hypoxia) difference (P < 0.05) between 
arterial vs. venous. 
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An increased formation of nitric oxide (NO) and calcitonin gene-related peptide 
(CGRP) by the human brain in hypoxia may be implicated in the pathophysiology of 
acute mountain sickness (AMS) through direct activation of the trigeminovascular 
system.  
 

To test this hypothesis, we examined eleven healthy males aged 27 (mean) ± 4 (SD) 
years in normoxia (21.0%O2) and following 9h passive exposure to normobaric 
hypoxia (12.9%O2). Symptoms of AMS were recorded using the Lake Louise (LL) 
and Environmental Symptoms Questionnaire-Cerebral Symptoms (ESQ-C) scoring 
systems and headache determined using a visual analogue scale.  Blood samples were 
obtained simultaneously from the radial artery and right internal jugular vein and 
assayed for plasma nitrite (NO2

-) using ozone chemiluminescence and CGRP via 
radio-immunoassay.  Global cerebral blood flow (CBF) was determined in the 
desaturation mode using inhaled nitrous oxide (5%) as the tracer (Kety and Schmidt, 
1945).  Cerebral plasma flow (CPF) was calculated as CBF x (1-haematocrit) and net 
flux determined as CPF x arterio-venous concentration difference (a-vdiff).  
 

Hypoxia increased the LL (3.0 ± 1.9 vs. 0 ± 0 points, P < 0.05 vs. normoxia), ESQ-C 
(0.730 ± 0.683 vs. 0.000 ± 0.000 points, P < 0.05), and headache (20 ± 18 vs. 0 ± 0 
mm, P < 0.05) scores (paired samples t-tests).  CBF changed from 85 ± 15 to 96 ± 17 
mL/100g/min in hypoxia (P = 0.09). Normoxia was associated with a positive a-vdiff 
for NO2

- (consistent with an influx) that was blunted by hypoxia due primarily to a 
reduction in arterial inflow (Table 1). In contrast, hypoxia affected neither arterial 
CGRP nor cerebral exchange and no relationships were observed between the change 
(hypoxia-normoxia) in the net flux of NO2

- or CGRP respectively and LL (r = -0.14/-
0.10), ESQ-C (r = -0.35/-0.23) or VAS (r = 0.33/-0.11) scores (P > 0.05, Pearson 
Product Moment Correlation). 
 

In conclusion, our findings do not support a role for increased cerebral formation of 
NO2

- and CGRP as molecular risk factors for AMS.  On the contrary, hypoxia blunted 
the cerebral uptake of NO2

-.  Whether this reflects decreased consumption subsequent 
to a free radical-mediated reduction in systemic NO bioavailability and/or pO2 driven 
re-apportionment of NO is the focus of current attention. 
 



 
 

286 

Table 1. Cerebral exchange  

Inspirate: Normoxia Hypoxia 

Sample site: Arterial Venous Arterial Venous 

NO2
-
 (µmol/L)  474 ± 199 234 ± 85 291 ± 119* 277 ± 105 

 Hypoxia < Normoxia (P < 0.05); Venous < Arterial (P <0.05) 

Net flux 

(µmol/min/g) 

124 ± 90 11 ± 47* 

CGRP (pmol/L) 71 ± 17 70 ± 16 70 ± 20 68 ± 20 

Net flux 

(pmol/min/g) 

0 ± 1 1 ± 2 

Values are mean ± SD; two-way repeated measures analysis of variance with paired 
samples t-tests;*different vs. normoxia (P < 0.05).  
  
 

 Kety SS and Schmidt CF (1945). Am J Physiol 143, 53-66. 
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Oxidative stress may be responsible for the reduction in systemic nitric oxide (NO) 
bioavailability and impaired neurovascular reactivity recently observed during acute 
exposure to inspiratory hypoxia (Bailey et al., 2009). However, the brain’s 
contribution to these systemic changes in redox-homeostasis remains unknown.  
 
Therefore, the present study determined the trans-cerebral exchange kinetics of 
oxidative-nitrative stress biomarkers in response to hypoxia.  We hypothesised that 
hypoxia would increase the net cerebral output of free radicals that would inactivate 

NO as indicated by a decrease in the net uptake or consumption of nitrite (NO •

2 ) and 

increased output of 3-nitrotyrosine (3-NT). 
 
Ten healthy males aged 27 (mean) ± 4 (SD) years were examined in normoxia and 
following 9h passive exposure to hypoxia (12.9%O2).  Global cerebral blood flow 
(CBF) was measured using the Kety-Schmidt technique with paired samples obtained 
from the radial artery and internal jugular vein.  Global cerebral plasma flow (CPF) 
was determined as CBF x (1-haematocrit).  The serum concentration of spin-trapped 
α-phenyl-tert-butylnitrone (PBN)-adducts was assessed via X-band electron 

paramagnetic resonance spectroscopy.  Plasma NO •

2  was determined by ozone-based 

chemiluminescence using modified tri-iodide reagent and 3-NT via ELISA.  Trans-
cerebral net exchange was calculated as the arterio-jugular venous concentration 
difference x CPF.  Data were analysed with a two-way repeated measures ANOVA 
and post-hoc Bonferroni-corrected paired samples t-tests.  
 
Despite a marked reduction in PaO2 (107 ± 6 to 46 ± 3 mmHg, P < 0.05), the cerebral 
metabolic rate for O2 was preserved (2.43 ± 0.54 in normoxia vs. 2.49 ± 0.34 in 
hypoxia, P > 0.05) due to an increase in global CBF [85 ± 15 in normoxia vs. 
(PaCO2-corrected) 123 ± 24 mL/100g/min, P < 0.05).  Hypoxia increased the net 
cerebral output of PBN-adducts identified as lipid-derived alkoxyl radicals (-73 ± 192 
vs. -360 ± 253 AU/g/min, P < 0.05).  This was associated with an attenuation in the 

net uptake of NO •

2  (126.4 ± 93.9 vs. 16.0 ± 46.7 nmol/g/min, P < 0.05) and increased 

output of 3-NT (-3.1 ± 9.0 vs. -10.7 ± 18.2 nmol/g/min, P < 0.05). 
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These findings provide the first direct evidence for increased oxidative-nitrative stress 

in the hypoxic human brain.  The regional loss of NO •

2  likely reflects the combined 

effects of NO “consumption” to support the observed increase in CBF to preserve 
cerebral O2 delivery and NO “loss” subsequent to oxidative inactivation by 
superoxide. 
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