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ABSTRACT

The central fatigue hypothesis suggests that during prolonged exercise, the increased 

plasma free-tryptophan (f-Trp) concentration may lead to an increased rate of synthesis of 

brain serotonin (5-HT). This may impair central nervous system function and cause 

increased perceptions of fatigue and deteriorate exercise performance. Two-fold increases 

in plasma concentrations of f-Trp have resulted in a 20% and 53% increase in brain Trp 

and forebrain Trp respectively. In addition, it has been suggested that 5-HT is involved in 

the stimulation of PRL release. The aim of the present thesis was to examine the 

relationship between the main peripheral markers of central fatigue, namely venous 

concentrations of f-Trp and prolactin (PRL), under three different experimental conditions. 

It was hypothesised that the changes in venous concentrations of f-Trp and PRL would 

exhibit similar patterns. Plasma f-Trp concentration increased by 110% after 2 h of 

cycling in normobaric hypoxia at a workload corresponding to 55% of FO2max determined 

in normobaric normoxia (P < 0.05). Serum PRL concentration did not differ between trials 

but the mean concentration increased at 30 min post exercise (P < 0.05). Following high- 

intensity exercise for 30 s, plasma f-Trp concentration decreased by 23.5% (P < 0.05), 

whereas serum PRL concentration did not change (P > 0.05). Oral administration of L-Trp 

was followed by an increased plasma f-Trp concentration of 920%, however, plasma PRL 

concentrations decreased by 32.6% at the same time-point (P < 0.05). Analysis of 

functional magnetic resonance imaging of the brain demonstrated a different pattern of 

brain activation while subjects performed the interference task of the counting Stroop test 

following L-Trp ingestion. From these results it can be proposed that central fatigue is 

likely not to play any part during high-intensity exercise lasting 30s. However, the 110% 

and 920% increase in plasma f-Trp concentration during prolonged exercise in normobaric 

hypoxia and following oral administration of L-Trp respectively may have led to an 

increased rate of brain 5-HT synthesis, although venous concentrations of PRL were not in 

support of this increase. There may be many reasons for the lack of relationship between 

the two peripheral markers of central fatigue, including an effect of the catecholamines on 

inhibiting PRL secretion. During oral ingestion of L-Trp, the increased plasma f-Trp 

concentration may also have caused the increased brain activation in the areas known to 

house 5-HT neurones, and for the unique pattern of brain activation when performing a 

cognitive task. It remains to be established whether the increased f-Trp concentration, and 

unique brain activation pattern is evidence of fatigue originating within the brain.
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1.1 THESIS OUTLINE

The present thesis consists of the following chapters, each of which will be described in 
brief below.

Chapter 1: The first chapter gives a general introduction to the central fatigue hypothesis 
and explores the different methods that have been used to measure central fatigue in both 
rats and humans.

Chapter 2: This chapter outlines the general methods used in the thesis. A more specific 
methods section is also included in each chapter.

Chapter 3: The first study was designed to determine the within subject variation and 
critical difference of serum concentrations of free tryptophan and prolactin during a 
morning and afternoon period in a fasted state.

Chapter 4: This chapter outlines the second study, which examined the effects of exercise 
intensity, facilitated by the incorporation of inspiratory hypoxia, on venous concentrations 
of free tryptophan and prolactin. These peripheral measures have been associated with 
central fatigue, i.e. fatigue originating within the brain. The experimental protocol was 
designed to elevate free tryptophan artificially and examine its role during fatigue. The 
rationale for using this type of protocol was that prolonged exercise at a low exercise 
intensity coupled with inspiratory hypoxia has been shown to mobilise non-esterified fatty 
acids (NEFA) (Sutton, 1977), which could lead to an increase in plasma free tryptophan 
concentration.

Chapter 5: In this chapter the effects of short-term (30 s) high-intensity exercise on the 
peripheral markers of central fatigue were investigated. The fatigue experienced due to 
short-term high-intensity exercise results mainly from factors such as substrate depletion 
and the accumulation of metabolites, but a role for central fatigue has not yet been 
discounted. Therefore the aim of this chapter was to determine whether peripheral markers 
of central fatigue play any role during a single 30 s maximal cycle sprint.
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Chapter 6: The final study in the thesis examined the effects of oral administration of L- 

Trp on the pattern of brain activation during a cognitive task that required concentration, 

speed and accuracy. Brain activation was measured with functional magnetic resonance 

imaging while subjects performed the cognitive task, which was the counting Stroop test.

Chapter 7: The synthesis of findings will consider each of the hypotheses proposed in 

each of the chapters.

Chapter 8: This final chapter summarises the main findings from each study, discusses 

possible areas for further research and finally concludes.
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1.2 INTRODUCTION

Fatigue originates from the Latin word 'fatigare', meaning 'to tire'. During exercise, 

fatigue can be used to describe general sensations of tiredness and accompanying 

decrements in muscular performance (Davis, 1996). Sensations of fatigue vary according 

to time, duration and intensity of the exercise and as a consequence many possible sites and 

mechanisms may be implicated in the fatigue process (Edwards, 1981). The sensation of 

fatigue caused by short-term high-intensity exercise is likely to differ to that caused by 

prolonged exercise at a lower intensity. Muscular fatigue during short-term high-intensity 

exercise is likely due to the combination of depleted phosphocreatine and lactic 

accumulation (Newsholme and Leech, 1983; Boobis et al., 1983), whereas the fatigue 

induced by prolonged exercise at a lower intensity is likely due to substrate depletion such 

as the exhaustion of muscle glycogen stores (Ahlborg et al., 1967; Hermansen et al., 1967; 

Newsholme and Leech, 1983). The effect of fatigue during acute bouts of exercise has 

been reviewed extensively, with researchers focussing on the role of peripheral 

mechanisms during fatigue (Karlsson and Saltin, 1971; Edwards, 1981; Green, 1991). It 

was not until recent years that more attention was given to the role of the central nervous 

system in the aetiology of fatigue, possibly due to most peripheral mechanisms having 

already been explored and exhausted (Newsholme and Leech, 1983; Acworth et al., 1986; 

Newsholme et al., 1987; Blomstrand et al., 1988; Davis et al., 1992; Bailey et al., 1993a; 

Davis and Bailey, 1997; Struder £tf a/., 1996b, 1998).
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1.3 REVIEW OF LITERATURE

1.3.1 BRIEF HISTORICAL PERSPECTIVE OF THE 

BRAIN

In view of the fact that the present thesis examines peripheral measures, such as free 

tryptophan and prolactin and their effects on the brain, the following section aims to give a 

brief historical background to the brain.

Our understanding of the brain has developed much since the early prehistoric era of the 

cranial trephination. It was believed that this ancient procedure, where a section of the 
cranium was cut via scraping, grooving or drilling was used to treat traumatic head injuries, 

along with headaches and seizures (Williams, 2001). The earliest written record of medical 

treatment that probably also contains the earliest reference to the brain is the Edwin Smith 

Surgical Papyrus, believed to have been written in the 17th century B.C. and translated and 

published by Breasted in 1930. Edwin Smith was the American Egyptologist said to have 

bought the papyrus from a dealer and the original was thought to have been written by a 
well-known Egyptian physician named Imhotep (Brandt-Rauf and Brandt-Rauf, 1987). 

The papyrus outlines the diagnosis and treatment, through rational observation and 

practical treatment of a number of cases, some of which include head injuries.

The Greek physicians also played an important part in the understanding of how the brain 
works, although they did get it wrong occasionally (Williams, 2001). For example, 

Aristotle believed mistakenly that it was the heart and not the brain that was responsible for 

psychological function, but did later observe correctly a number of the features of 

cognition, such as dissociation of immediate recall and perception from long-term memory 

(Williams, 2001). These psychological functions are a result of major chemical reactions 

occurring within the brain, which functions within a well-controlled environment, 

separated from the milieu of the periphery by a blood-brain barrier. According to Aschner 

and Kerper (2000), the term 'blood-brain barrier' or 'bluthirnschranke' was coined by 

Lewandowsky as far back as 1900. Paul Ehrlich (1885, 1906), a German bacteriologist
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observed that certain dyes of aniline derivatives administered intravenously to small 
animals stained all organs except the brain. EhrliclTs student, Edwin. E. Goldmann (1909, 
1913) confirmed in subsequent experiments the existence of a blood-brain barrier when he 
injected the dye trypan blue directly into the cerebrospinal fluid of rabbits and dogs. The 
dye readily stained the entire brain but did not enter the bloodstream.

The following review of literature will discuss how subsequent investigators have 
examined the transport of venous free tryptophan across the blood-brain barrier and its 
effect on fatigue originating within the brain.

1.3.2 FATIGUE

hi physiological terms fatigue has been defined as 'a failure to maintain the required or 
expected force' (Edwards, 1981).

Fatigue during exercise can be classified into two components, central and peripheral 
(Jakeman, 1998), as depicted in figure 1.1. Arguably, factors such as substrate depletion 
could also contribute to central fatigue (Newsholme and Leech, 1983). For example, the 
depletion of glycogen could cause a switch to an alternate source of fuel, namely fat and 
amino acids. This is the basis of the central fatigue hypothesis, the mechanisms of which 
will be discussed in detail in section 1.3.2.2.
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FATIGUE

CENTRAL

• Central nervous system 
drive

• Neurotransmitter function

PERIPHERAL

Substrate depletion 
(peripheral/central) 
Metabolite accumulation 
Ion imbalance 
Sarcoplasmic reticulum 
dysfunction 
Oxygen deficiency

Figure 1.1 Brief summary of factors associated with central and peripheral components of 
fatigue (Adapted from Jakeman, 1998)

1.3.2.1 Peripheral fatigue

Peripherally mediated fatigue during exercise can be brought about by either a failure or 

limitation of the motor neurones, peripheral nerves, neuromuscular junction or muscle 

fibres within the motor unit amongst other things (Edwards, 1981). Other mechanisms of 

fatigue that occur within the muscle fibre include specific impairments of neuromuscular 

transmission and impulse propagation and dysfunction within the sarcoplasmic reticulum 

involving calcium release and uptake (Davis, 1996). Exercise-induced peripheral fatigue is 

well documented, and can be due to numerous metabolic processes within the muscle, such 

as the depletion of phosphocreatine, blood glucose, muscle glycogen stores, or an 

accumulation of protons in the blood (Karlsson and Saltin, 1971; Edwards, 1981; Green, 

1991). Since it is the aim of the thesis to focus on central fatigue, peripheral fatigue will 

not be discussed further but the studies referred to in this section will provide the reader 

with further information on the topic.
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1.3.2.2 Central fatigue

Some fatigue experienced by subjects may originate within the central nervous system 

(CNS) and could be caused by alterations in the brain neurotransmitters, such as an 

increased brain concentration of serotonin, (5-hydroxytryptamine or 5-HT) (Acworth et al., 

1986). Central fatigue may explain in some circumstances, why subjects decide to stop 

exercising or decrease their exercise intensity some time before substrate depletion and/or 

metabolic failure occurs (Coggan and Coyle, 1987; Sjoggard, 1986; Stokes et al., 1988; 

Vollestad et al., 1988; Wolfe et al., 1987). Davis (1996) defines central fatigue as:

' ...a subset of fatigue that is associated with specific alterations in central nervous system 

function and that cannot reasonably be explained by peripheral markers of muscle

fatigue'.

It was first speculated by Newsholme and Leech (1983), that fatigue following physical 

activity could be due to the competition between the plasma concentrations of different 

amino acids for transport across the blood-brain barrier into the brain. Further research by 

this group extended on this initial speculation and the central fatigue hypothesis was 

proposed (Acworth et al., 1986; Newsholme et al., 1987; Blomstrand et al., 1988). The 

hypothesis suggests that the perception of fatigue originates within the CNS, where 

increases in 5-HT may accelerate the onset of fatigue (Acworth et al., 1986). The 

neurotransmitter, 5-HT is present not only in the CNS but in many peripheral tissues and 

cells (Borne, 1994). At rest it has been shown to be involved in factors such as pain, 

lassitude and mood state (Charney et al., 1982; Seltzer et al., 1982). Early studies of the 

central fatigue hypothesis take into account previous work such as that of Barchas and 

Freedman (1963) which examined the influence of the brain on exercise and found a small 

but significant increase in the whole brain concentration of 5-HT in the rat following three 

hours of low intensity swimming. However, Fernstrom and Wurtman (1971, 1972) were 

the first to investigate the effect of dietary manipulation on the plasma concentration of 

amino acids and amino acid entry into the brain. Rats demonstrated an increased brain 

tryptophan and 5-HT concentration at rest following the ingestion of a test diet composing 

carbohydrate, fat and lacking protein (Fernstrom and Wurtman, 1971). Brain tryptophan
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and 5-HT failed to increase in rats consuming a protein diet, despite having an increased 

plasma tryptophan concentration (Fernstrom and Wurtman, 1972), and brain tryptophan 

and 5-HT even decreased in rats fed a high protein diet.

1.3.3 CENTRAL FA TIGUE HYPOTHESIS

The basis to the central fatigue hypothesis is outlined in the following section. The 

precursor to 5-HT is tryptophan (Tip). The essential amino acid Trp, must be obtained 

from the diet since it is not synthesised in vivo, and is transported across the blood-brain 

barrier by a large neutral amino acid (LNAA) transporter (Figure 1.2). The LNAA carrier 

is also responsible for the transport of two other LNAAs, tyrosine and phenylalanine, and 
the three branched chain amino acids (BCAA), leucine, isoleucine and valine across the 

blood-brain barrier (Pardridge, 1977). Thus, the rate of transport across the blood-brain 
barrier of any of the six competing amino acid depends on the concentration of that 

particular amino acid relative to the other five amino acids (Pardridge, 1977). The resting 

plasma concentration of Trp is reported to be approximately 50 umol.L" , in contrast to the 
total concentration of the other five competing amino acids which is reported to be 

approximately 500 umol.L" 1 (Jakeman, 1998). Trp is the only amino acid that is bound to 

albumin in the blood and up to 90% of the total Trp concentration is normally loosely 
bound to albumin in the plasma, equating to approximately 10% (or 5 umol.L" 1 ) in its free 

form (f-Trp) (McMenamy & Oncley, 1958). The ratio of f-Trp to the other five LNAA is 

1:100, with an apparent Km for Trp (Km(app) Trp) of 1 mmol.L" 1 , which is quite high and 
serves to restrict f-Trp entry into the brain (van Hall et al., 1995). Earlier research 

maintains that because of the low affinity bond between Trp and plasma albumin, the 

bound Trp is almost as able as the f-Trp to be taken up into the brain (Yuwiler et al., 1977). 

It has been suggested on the other hand that it is the free concentration of Trp instead that 

governs the rate of entry of Trp across the blood-brain barrier (Tagliamonte et al., 1973; 

Curzon and Knott, 1974; Bloxam et al., 1980, Sarna et al., 1985; Acworth et al., 1986). 

Therefore according to the latter research at resting concentrations, since the ratio of f- 

Trp:LNAA is low, and the ATw^RP/rp is relatively high, there is likely to be a limited influx 

of Trp into the brain.
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Non-esterified fatty acids (NEFA) are also transported in the blood bound to albumin 

(Figure 1.2).

REST PROLONGED EXERCISE

Figure 1.2 Schematic representation of the changes from rest to prolonged exercise on 
plasma concentrations of tryptophan (TRP) and free fatty acids (FFA) bound and 
unbound to albumin (A); transport of TRP and large neutral ammo acids (LNAA) into 
the brain; and synthesis of serotonin (5-HT; 5-hydroxytryptamine) in serotoninergic 
neurons in the brain. Taken from J. M. Davis & S. P. Bailey (1997), adapted from J. D. 
Fernstrom(1994)

The fatty acids released when triacylglycerol molecules are hydrolysed have two major 

fates. The first is re-esterification to a triglyceride, and the second consists of the fatty acid 

moving out of the fat cell (Frayn et al., 1995). When these fatty acids move out of the fat 

cells and enter the blood they attach to the blood protein albumin as free fatty acids or FFA. 

The terms NEFA, FFA and unesterified fatty acids are terms often used interchangeably, 

since they are all used to describe the fatty acids not esterifed in triacylglycerol 

(Newsholme and Leech, 1983). The affinity of NEFA for plasma albumin is higher than 

that of Tip for albumin.

The increased NEFA mobilisation for example, due to increased circulating hormones 

during prolonged exercise causes an increase in the plasma concentrations of NEFA, which 

can displace Tip from its usual binding site with albumin and cause an increase in f-Trp 

(Newsholme and Leech, 1983). This, in turn, increases its ratio to the other LNAA and 

BCAA, and decreases the Km(app̂  thereby promoting the influx of Trp into the brain. 

This may lead to a possible increase in the rate of synthesis of 5-HT in the brain and thus



Chapter 1 - Introduction____________________________._____________Page 10

increased brain concentration of 5-HT. Also, during prolonged exercise when muscle 

glycogen stores become depleted, an increase in BCAA oxidation as an alternative source 

of fuel may be observed (Blomstrand et al., 1988). This can also increase the ratio of f- 

Trp:BCAA, again decreasing the Km(appjTrp and promoting the increase of brain Trp and 

ultimately 5-HT concentration, via increased rate of brain 5-HT synthesis. An increase in 

5-HT may ultimately accelerate the onset of fatigue (Acworth et al., 1986; Newsholme et 

al., 1987; Blomstrand etal, 1988).

1.3.3.1 SEROTONIN (5-HT)

Although the neurotransmitter 5-HT was first isolated in the blood in 1948, it wasn't until 

1949 that the true identification occurred by Maurice M. Rapport and the chemical formula 

for 5-HT was confirmed (Rapport et al., 1948; Rapport, 1949). Via the intermediate 5- 

hydroxytryptophan (5-HTP), 5-HT is synthesised in situ from Trp, through the action of the 

enzymes Trp hydroxylase and aromatic L-amino acid decarboxylase (Figure 1.3). It is 

believed that Trp hydroxylase is found exclusively in 5-HT neurones (Moir and Eccleston, 

1968). Aromatic L -amino acid decarboxylase on the other hand, because of its abundance 

in the brain may enable 5-HTP to be also converted to 5-HT in catecholamine-containing 

neurones and therefore causing a release of catecholamines by displacement (Ng et al., 

1972). In addition to f-Trp crossing the blood-brain barrier to increase the rate of 5-HT 

synthesis, 5-HT is also found in other areas of the body, namely the intestinal wall and 

blood vessels, where in the former it causes increased gastrointestinal motility (Borne, 
1994).

As is the case with all the chemical neurotransmitters, 5-HT is synthesised in brain 

neurones and stored in vesicles. Brain 5-HT not stored within the vesicles is rapidly 

metabolised and inactivated by monoamine oxidase (MAO) to the metabolite 5- 

hydroxyindoleacetic acid (5-HIAA) (Weicker and Striider, 2001). Following a nerve 

impulse in the brain, 5-HT is released into the synaptic cleft, where it interacts with various 

postsynaptic receptors, for example 5-HTi, 5-HTa and 5-HT3 ; its reuptake from the 

synaptic cleft regulated by 5-HT transporters (Weicker and Striider, 2001). The action of
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CH2 - C - COO"

NH 3+

Tryptophan (precursor)

Tryptophan hydroxylase

Tetrahydrobiopterin + C>2

Dihydrobiopterin
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CH2 - C - COO"

NH3+

5-hvdroxvtryptophan (precursor)

Aromatic amino acid 

decarboxylase 

(PLP dependent) 02

5-hydroxvtryptarnine (metabolite)

CH2 - CH2 - NH3+

Monoamine oxidase

5-hydroxyindoleacetic acid Breakdown product

Figure 1.3 The synthesis of serotonin from tryptophan
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5-HT is therefore terminated by three main mechanisms: diffusion, metabolism and uptake 

back into the synaptic cleft (Borne, 1994).

1.3.4 IND1CA TORS OF INCREASED SEROTONINERGIC 

ACTIVITY

1.3.4.1 DIRECT MEASURES

The most accurate method of determining a change in brain serotoninergic activity would 

be to analyse 5-HT concentration in the brain tissue on an occasion where increases of 

plasma Trp have occurred, for example after a prolonged period of exercise or the 

administration of either L-Trp or a 5-HT agonist.

STUDIES USING DIRECT MEASURES TO DETECT CHANGES IN BRAIN 

SEROTONINERGIC ACTIVITY

Investigators have measured 5-HT in addition to f-Trp concentration in different regions of 

the rat brain (Chaouloff et al., 1985; Acworth et al., 1986; Blomstrand et al., 1989; Bailey 

et al., 1992, 1993a), and have shown a consequent increase in brain 5-HT as a result of 

prolonged exercise and increased plasma Trp concentrations. Despite observing an 

increased whole-brain Trp and 5-HT concentration, accompanied by unchanged brain 5- 

HIAA concentrations in untrained rats following prolonged exercise, Acworth et al. (1986) 

did not find the same change in trained rats, whose brain 5-HIAA levels alone increased. 

Blomstrand et al. (1989), studied the effect of prolonged exercise in sedentary and trained 

rats on 5-HT in 6 different regions of the rat brain, as opposed to the whole brain in the 

study of Acworth et al. (1986). They found that exercise led to a decrease in plasma 

concentration of total Trp but an increase in f-Trp. In support of the central fatigue 

hypothesis, total Trp in all brain regions increased after exercise in the rats. However, the 

authors reported an increase in 5-HT in the brain stem and hypothalamus only when both 

groups (sedentary and trained) were pooled. To group the sedentary and trained rats
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together was debatable. Since they were two independent groups, data from the sedentary 

and trained rats should be examined separately. In the sedentary rats alone, only an 

increase in 5-HT in the hypothalamus was found after exercise: there was no increase in the 

trained rats. The metabolite, 5-HIAA also increased after exercise but only in the striatum 

of the sedentary rats and hippocampus of the trained rats. In light of the chosen study 

design (Blomstrand et al., 1989), the authors chose to analyse their results with the 

Student's /-test for unpaired observations. It may however have been more appropriate to 
use a more conservative test, such as a two-factor repeated measures analysis of variance. 

Acworth et al. (1986) observed an increase in whole-brain 5-HT after exercise in untrained 

rats. This was supported by Bailey et al. (1992) who demonstrated that 1 h of treadmill 

running in untrained female rats, led to increased midbrain 5-HT and 5-HIAA 

concentration. The increased 5-HIAA, after 1 h of exercise was found to be further 
increased in the midbrain and striatum when rats were then run to fatigue (Bailey et al., 
1993a). Disparities in increased brain 5-HT between trained and untrained rats may occur 

due to a function of training (Acworth et al., 1986; Jakeman, 1994). For example, the 

failure of prolonged exercise to increase brain 5-HT concentration in trained rats may be 

due to improved time of onset of fatigue, modifications often seen as a consequence of 

training (Acworth et al., 1986). This is further supported by a study conducted by Jakeman 
et al. (1994) where a down-regulation of serotoninergic activity was observed in 

endurance-trained athletes in response to buspirone, a 5-HTjA receptor agonist during 

prolonged treadmill exercise to exhaustion at 60% FOamax- Dwyer and Browning (2000), 

believed that the decreased sensitivity to w-chlorophenylpiperazine (w-CPP), another 5- 

HTiA receptor agonist seen in the exercise-trained rats in their study was likely to be due to 

a de-sensitisation of the central 5-HTiA receptors, although they could not discount that 
other receptor types may be involved, such as the 5-HTic receptor. In fact, m-CPP not only 

binds to 5-HT]A, but also to 5-HTi D, 5-HTic, 5-HT2, a-2-adrenoreceptors as well as 

dopamine receptors (Hamik and Peroutka, 1989). Although these studies may highlight 

that some 5-HT agonists are not specific to one particular receptor they also emphasise the 

importance of obtaining a homogenous group of subjects when looking at serotoninergic 

activity in exercise-based studies.
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Further support for the central fatigue hypothesis can be seen in a rat microdialysis study by 

Gomez-Merino et al. (2001). A pre-exercise treatment of valine, a BCAA, prevented an 

acute release of 5-HT in the rat ventral hippocampus. Since the BCAA are commonly 

known to compete with Tip across the BBB, an acute increase of valine may have therefore 
limited the transport of f-Trp into the brain, preventing the increase in the rate of brain 5- 
HT synthesis.

It is clear from the above studies on animals that serotoninergic activity occurs in more 
than one area of the brain, with increases in the rate of 5-HT synthesis occurring in the 
hypothalamus and midbrain, and increases in 5-HIAA concentration occurring in the 
striatum and hippocampus. This may be explained by the manner in which the 

serotoninergic neurones, extending from the caudal and rostral raphe nuclei project to 
different areas in the brain (Figure 1.4).

Seratontmrgk nerves in the CMS

to hippocampus

10 spinal lord

roslral amygdaloid 

rapti* body

Figure 1.4 Serotonin-containing nerves arising from the raphe nuclei (taken from Baynes 
and Dominiczak, 1999)

The midline of the pons and medulla of the brain house several thin nuclei called the raphe 

nuclei, many of which secrete serotonin (Kandel et al., 1995). These neurones send many 

fibres to the cerebral cortex, striatum, limbic system, olfactory tubercle, hippocampus and 

the diencephalon (Kandel et al., 1995).
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Due to the obvious limitations of conducting the same studies (Chaouloff et al., 1985; 
Acworth et al., 1986; Blomstrand et al, 1989; Bailey et al., 1992, 1993a) on humans, and 
not being able to examine human brain tissue directly, several investigators have adopted 
other techniques to measure the change in serotoninergic activity indirectly.

1.3.4.2 INDIRECT MEASURES

1.3.4.2.1 PLASMA CONCENTRATION OF SEROTONIN OR ITS 

METABOLITE, 5-HYDROXYINDOLEACETICACID

Plasma concentrations of 5-HT have in the past been used to indicate changes in brain 
serotoninergic activity (Striider et al., 1996b, 1998; Weicker and Struder, 2001). This is 
based on the information that blood platelets and serotoninergic neurones possess similar 
functions and biochemical, biomolecular and genetical properties (Da Prada, 1988). 
However the use of 5-HT as a marker for the rate of brain 5-HT synthesis may be limited, 
since much of the 5-HT in plasma is of gut origin (Borne, 1994; Cleare, 1998). Therefore 
a potential increase in plasma 5-HT alone may not accurately indicate an increased rate of 
5-HT synthesis in the brain per se or increased perception of fatigue. It is also likely that 
the 5-HT in platelet enriched plasma does not reflect the actual changes in the f-Trp 
concentration, since it mainly represents that stored in platelets and not that synthesised de 
novo by entero-chromaffin cells (Manjarrez et al., 1998) and has no relationship with CNS 
5-HT (Goldman and Thibert, 1979). The process of isolating each blood platelet also 
carries with it its limitations (Yatham and Steiner, 1993). While it can be estimated how 
many platelets are contained in a plasma sample there is no reliable estimate as to how 
many have been lost. As a result, plasma 5-HT is likely to be an unreliable indicator of 
brain 5-HT concentration. Thus, plasma 5-HT was not measured in the present thesis.

The metabolite 5-HIAA in the cerebrospinal fluid (CSF) has also been used as an indirect 
marker of serotoninergic activity and again may possess some limitations. For example 
approximately 60% may be derived from the cerebral metabolism of 5-HT and the 
remainder from the spinal metabolism of the descending serotoninergic pathways 
(Ceccherelli et al., 1989). There are some conflicting reports as to what the 5-HIAA
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concentrations in the CSF reflect. Gessa and Gessa (1976) argue that it relates to cerebral 

Trp level which would ultimately depend on the plasma f-Trp concentration. However, 

Wolf et al. (1985) instead claim that the level of CSF 5-HIAA reflects MAO activity and 

not the release or utilisation of 5-HT. Ceccherelli et al. (1989) demonstrated the former, 

that 5-HIAA in the CSF depends on cerebral Trp concentration, but only in healthy 

patients.

1.3.4.2.2 PLASMA FREE TRYPTOPHAN

Since, plasma f-Trp is the precursor, via 5-HTP to brain 5-HT, a change in plasma f-Trp 

may be an indication of a change in brain 5-HT concentration. The administration of L-Trp 

caused an increased synthesis of hypothalamic 5-HT (Curzon and Marsden, 1975) and the 

administration of alpha-methyl-L-tryptophan (AMT), an analog of Trp, in rats resulted in a 

distribution of high tracer concentration in serotoninergic cell bodies in the raphe nuclei 

(Chugani and Muzik, 2000). However, the increase in the concentration of brain 5-HT is 

not in direct proportion to the initial rise in the plasma f-Trp concentration (Fernstrom and 

Wurtman, 1971; Bloxham et al., 1980). The initial study found that a 100% increase in 

plasma Trp concentration only resulted in a 20% increase in rat brain 5-HT content, with 

only a 50% increase in brain Trp levels. The latter study in support of this, demonstrated 

that a two-fold increase in plasma f-Trp concentrations led to a 53% increase in forebrain 

Trp. Therefore, it may be likely that if plasma f-Trp concentrations increase by at least 

100% in the human, then it is likely that a slight, but meaningful increase in brain 5-HT 

may also be observed. However, it can only be speculated that this slight increase in brain 

5-HT concentration may be sufficient to increase the perception of fatigue. Increases in 

plasma concentrations of f-Trp have been associated with the genesis of central fatigue 

(Fernstrom, 1994) and the oral administration of Trp (30 mg.kg" 1 of body mass) increased 

subjective and objective measures of central fatigue (Cunliffe et al., 1998). Healthy 

subjects given oral doses of Trp, complained of fatigue, mental slowness and lack of vigour 

(Greenwood et al., 1975; Lieberman et al., 1982). Significant increases in ratings of 

feeling 'drowsy', 'mellow' and 'high' were recorded in healthy subjects given intravenous 

infusion of L-Trp in a study by Chamey et al. (1982).
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1.3.4.23 PLASMA OR SERUMPROLACTIN CONCENTRATION

Prolactin (PRL) was first discovered in 1928 when Stricker and Grueter induced milk 

secretion artificially in castrated virgin rabbits with pituitary extracts from lactating 

animals (Stricker and Grueter, 1928). It was not until 1933 that the pituitary hormone was 

purified and named PRL (Riddle et al., 1933). A single peptide chain made up of 198-199 

amino acid residues, PRL is structurally related to growth hormone (Rang et al., 1995, 

Goodman, 1996). The main function of PRL in females is to control lactation and, in 

conjunction with other hormones, is responsible for the proliferation and differentiation of 

the mammary tissue during pregnancy (Rang et al., 1995).

Stress, such as general anaesthesia, surgery, exercise, and insulin-induced hypoglycaemia 

has been shown to increase human PRL secretion in both men and women (Cooke, 1995). 

In addition, PRL increases are shown to be greater in women than in men in all cases of 

stress, which appears to reflect the effects of oestrogen (Cooke, 1995).

It has been suggested that 5-HT is involved in the stimulation of PRL release (Kamberi et 

al., 1971; Caligaris and Taleisnik, 1974; Chen and Meites, 1975; Lawson and Gala, 1975) 

and the release of 5-HT from serotoninergic neurones has been shown to enhance the 

release of hypothalamic peptides that control pituitary secretion of PRL (Cleare, 1998) 

(Figure 1.5).

Electrical stimulation of the raphe nuclei has been shown to increase serum PRL (Meites et 

al., 1977), whereas lesions in this area led to decreased concentrations in PRL (Advis et al., 

1979). Injections of 5-HT into the third ventricle of the brain have caused increases in PRL 

secretion (Kamberi et al., 1971), whereas Lawson and Gala (1975) found PRL release to be 

stimulated by systemic administration of 5-HT. Finally, Caligaris and Taleisnik (1974) and 

Chen and Meites (1975) showed that the 5-HT precursor (5-HTP) induced PRL release in 

rats. This research has led to peripheral measurements of PRL being used as an indication 

of brain 5-HT activity (Charney et al., 1982; Fischer et al, 1991; Struder et al., 1996b, 

1998, 1999; Marv'metal., 1997).
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Figure 1.5 A schematic representation of the role of raphe nuclei projections on the 
hypothalamus and pituitary in the secretion of prolactin; PRF, prolactin releasing factor. 
Adapted from A. J. Cleare (1998)

Using venous concentrations of PRL as one measure of brain 5-HT activity or 

neuroendocrine function, oral administration of L-Trp and 5-HTP has produced inconsistent 

effects on the concentration of PRL. Studies administering oral L-Trp to normal subjects in 

doses of 90 mg.kg" body mass and in a 10 g bolus dose produced no change in venous 

PRL concentrations, compared with the placebo control (Wiebe et al., 1977; Woolf and 

Lee, 1977). However, in the study by Woolf and Lee (1977), a separate second group was 

also given water 60 min after the initial 10 g Trp dose. This caused a significant increase 

in PRL in the second group, 60 min after L-Trp administration and concentrations 

continued to increase following the water-load, with values reaching maximum, 30 min 

after the water-load and thus 90 min after L-Trp ingestion. A 5 g oral dose of L-Trp on the
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other hand, was found to increase PRL concentration significantly 120 min after its 

administration in 20 subjects (five male, six females on no medication and nine females on 

oral contraceptives) (Fraser et al., 1979). The ability of 5-HTP to cause a subsequent 

increase in venous PRL concentration is also equivocal (Maclndoe and Turkington, 1973; 

Kato et al., 1974; Beck-Peccoz et al., 1976; Lancranjan et al., 1977). Oral administration 

of 5-HTP (200 mg) significantly increased plasma PRL concentration in 18 out of 21 

healthy subjects (Kato et al., 1974), whereas the same oral dose acutely failed to modify 

basal PRL secretion in a study conducted by Beck-Peccoz el al. (1976). On the other hand, 

intravenous infusions of t-Trp or 5-HTP have been reported to increase PRL (Maclndoe 

and Turkington, 1973; Lancranjan et al., 1977).

Along with the increased serum PRL resulting from an increased rate of 5-HT synthesis in 

the brain, the increased PRL release may also have been augmented by a decrease in 

dopamine function (Van Praag et al., 1987). Five grams of L-Trp intravenously infused 

over 30 min in healthy subjects caused an approximate increase of 70% in lumbar CSF 

levels of 5-HIAA. This might indicate that there was also an increased rate of brain 5-HT 

synthesis. In addition, the level of the dopamine metabolite homovanillic acid was found 

to decrease by 30% suggesting a diminished dopamine metabolism (Van Praag et al., 

1987). The authors suggested that the decreased availability of the dopamine precursor 

tyrosine, which competes with Trp for transport into the brain, could have led to a 

diminished dopamine function, in turn accounting for the rise in PRL concentration.

Using serum PRL concentrations to indicate indirectly the rate of brain 5-HT synthesis may 

have one limitation. For example, its secretion is subject to a distinct diurnal variation as 

mentioned in Chapter 3 (Van Cauter et al., 1981). Serum PRL levels do not return to 

baseline levels after a nocturnal rise until approximately 11:00 am and can therefore cause 

potential problems to the investigator. For example many studies, especially those that are 

exercise based, are performed after a standardised overnight fast. However, if the study 

was started and blood collected before 11:00 am, high resting or baseline serum PRL 

concentrations may be recorded. Since most investigators are exploring the intervention 

effects on venous PRL concentration, collecting blood before 11:00 am may not be of
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major importance, but it will be crucial for all groups to be tested at the same time of the 

day.

1.3.4.2.4 EXERCISE TIME TO EXHA USTION

Exercise time to exhaustion has been used regularly as another approach to determine 

whether there is increased brain serotoninergic activity during prolonged exercise.

Studies where exercise to exhaustion has been used have been performed on both rats and 

humans. They have been carried out frequently after pharmacological intervention with 5- 

HT agonists or antagonists (Bailey et al., 1992, 1993a, 1993b; Wilson and Maughan, 1992; 

Marvin et al., 1997). The administration of 5-HT agonists may lead to an increased rate of 

5-HT synthesis in the brain and may ultimately increase the perception of fatigue and bring 
forward the time of exhaustion. The opposite may be observed in subjects receiving 5-HT 

antagonists. Administration of the 5-HT agonist has decreased exercise time to exhaustion 

(Bailey et al., 1992, 1993a, 1993b; Wilson and Maughan, 1992; Marvin et al., 1997), 
whereas the opposite occurred after 5-HT antagonist administration (Bailey et al., 1993a; 

Bailey et al., 1993b). These studies will be discussed in more detail later (section 1.3.5.3).

When using exercise time to exhaustion it is important that subjects must be properly 

familiarised to running or cycling to exhaustion. Subjects not adequately familiarised may 

improve on subsequent trials, regardless of the experimental condition. Subtle but 
significant differences in time may therefore be missed. In addition, exercise time to 

exhaustion should be measured together with other indirect markers of central fatigue such 
as f-Trp and PRL.

1.3.4.2.5 BEHAVIOURAL OR SUBJECTIVE FEELINGS OF FATIGUE AND 

PERCEIVED MOOD

There have been many attempts at quantifying fatigue or mood during prolonged exercise 

where central fatigue may play an important role (Blomstrand et al., 1988, 1991a, 1991b, 

1997; Hassmen et al., 1994; Striider et al., 1998). Investigators have used cognitive-
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behavioural tests, such as the Stroop colour-word test, or rating scales such as the Borg's 

rating of perceived exertion scale (RPE) (Borg, 1973). Borg's RPE can be monitored 

easily throughout exercise and can be used to demonstrate if subjects perceive one 

condition to be more 'hard' than the other but may not specifically determine whether the 

subject feels more sleepy or 'fatigued'. Alternative tests, which may assess central fatigue, 

may include those that require cognitive effort, such as a battery of tests requiring speed, 

accuracy and concentration. These include tests such as the Stroop colour-word test 

(Stroop, 1935), counting Stroop test (Bush et al., 1998), Prickar-test (Psychotechnical 

Institut, University of Stockholm, 1977) and KL-test (Duker, 1949). An increased rate of 

brain 5-HT synthesis may cause lethargy and fatigue and could result in subjects requiring 

more time to respond correctly to a task, thus slowing down reaction time for example. 

Therefore during these tests, a change in performance such as increased/decreased reaction 

time or accuracy, coupled with changes in plasma f-Trp concentration, may indicate a 

change in the rate of brain 5-HT synthesis. In addition to the Stroop colour-word test, 

Hassmen et al. (1994) used a pencil-and-paper test to assess the effects of BCAA 

supplementation on cognitive performance before and after prolonged exercise. The test 

consisted of 5 tasks, 1) shape rotation, 2) figure identification, 3) math score, 4) repetitive 

reasoning, and 5) sentence checking.

Another approach has been to use the EZ-scale (Nitsch, 1976), which assesses momentary 

self-perceived state and has been used recently by Struder et al. (1998). Categories within 

this test include drive, confidence, mood and fatigue (Nitsch, 1976). Changes in mood 

during physical exercise may be caused in part by changes in brain 5-HT concentration 

(Ransford, 1982), and a profile of mood states (POMS) test, similar to the EZ-scale may 

indicate a change in mood when the rate of synthesis of brain 5-HT is altered. The POMS 

test consists of 65 five-point adjective rating scales that are factored into six mood scores; 

depression/dejection, tension/anxiety, anger/hostility, confusion/bewilderment, 

fatigue/inertia, and vigour/activity. Using the 'right now' response set, such as the 'How 

are you feeling right now?' enables the investigator to apply the test before and after 

intervention.
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In conclusion, in order that investigators determine what role central fatigue plays in their 

studies, more than one of the above indirect measures must be measured to gain an overall 

picture. If more than one of the measures change in favour of the hypothesis then there 

may be strong evidence for an increased rate of brain 5-HT synthesis.

1.3.5 THE USE OF INDIRECT MEASURES TO 

INVESTIGATE CENTRAL FATIGUE

The following section will address studies that have used the above indirect measures to 

investigate central fatigue. Studies include those who have looked specifically at the 

relationship between f-Trp and PRL during exercise (Johannessen et al., 1981; Fischer et 

al., 1991). Whereas others have investigated the effects of ingested amino acids 

(Blomstrand et al., 1988, 1991a, 1991b, 1995; Varnier et al, 1994; van Hall et al., 1995; 

Davis and Bailey, 1997); carbohydrate (CHO) ingestion (Coggan and Coyle, 1987; Davis et 

al., 1992; Davis et al., 1999); or the administration of pharmacological agents (Bailey et 

al., 1992, 1993a, 1993b, Wilson and Maughan, 1992; Davis et al., 1993; Jakeman et al, 
1994; Pannier et al, 1995; Marvin et al, 1997; Striider et al, 1998) on markers of central 

fatigue during exercise.

1.3.5.1 PROLONGED EXERCISE

Prolonged intermittent exercise at 70% FO2max resulted in an increased plasma 

concentration of PRL at exhaustion in seven healthy males on a CHO-enriched diet (77%) 

4 days preceding testing (Johannessen et al, 1981). Mean exhaustion time was reached at 

106 ± 5 min and decreases in plasma glucose concentrations were observed at both 90 min 

and exhaustion. The extent of the hormonal response to exercise appeared to depend upon 

the preceding diet, since subjects that ingested a fat-enriched diet (76%) for the 4 days 

before testing, demonstrated a higher plasma concentration of PRL at an accelerated time 

to exhaustion (59 ± 6 min). A more rapid decrement in plasma glucose concentration was 

observed in comparison to the CHO-enriched trial (P < 0.05). Hypoglycaemia (Greenwood 

et al, 1966; Wilson et al, 1972) and intracellular glucopaenia (Woolf et al, 1977) have
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been shown to increase PRL release, and the increased plasma concentrations of PRL in the 

study by Johannessen et al. (1981) lends more support to these previous studies. Although 

plasma concentrations of f-Trp, BCAA and NEFA were not measured in this study 

(Johannessen et al., 1981), the decreased plasma glucose levels seen at 59 min and at 90 

min/exhaustion in the fat- and CHO-enriched diets respectively, may have led to a 

decreased plasma concentration of BCAA (Acworth et al., 1986; Blomstrand et al., 1988), 

where BCAA oxidation was likely to have occurred as an alternative source of fuel (Dohm 

et al., 1981). A study supporting the view that BCAA may be a significant energy source 

during prolonged exercise is that of Lemon and Mullin (1980). They found that sweat urea 

excretion was greater after CHO depletion and that the contribution of amino acid 

oxidation may reach 10% of total energy expenditure in glycogen-depleted subjects. A 

decreased plasma concentration of BCAA in the study by Johannessen et al. (1981) may 

have led to an increased f-Trp:BCAA ratio and increased f-Trp transport across the blood- 

brain barrier, leading to an increased rate of brain 5-HT synthesis. This may have caused 

the increased plasma concentration of PRL in both the fat- and CHO-enriched trials, since 

5-HT has been linked with the stimulation of PRL release (Kamberi et al., 1971; Caligaris 

and Taleisnik, 1974; Chen and Meites, 1975; Lawson and Gala, 1975). However, this is 

only speculation and the measurement of other indirect measures of serotoninergic activity 

are required. In addition, incorrect statistical tests were used to analyse data. Changes 

between groups and across time were analysed using a Student's /-test for paired 

comparisons, therefore the extent of statistical significance should be observed with 

caution.

Fischer et al. (1991) reported an increased plasma concentration of f-Trp and NEFA in six 

subjects following an hour cycling at a lactate threshold of < 4 mmol.L" 1 . They also 

reported a significant correlation between f-Trp and PRL levels throughout exercise (r = 

0.77, P < 0.001) and during recovery (10 min: r = 0.88, P < 0.05; 20 min: r = 0.86, P < 

0.05). However, despite the authors' assertions that these findings 'may further support the 

hypothesis that changes in peripheral amino acid concentrations may influence 

physiological reaction of exercise mediated by brain systems', it cannot be ignored that 

PRL only increased in two out of the six subjects tested. Why an increase was seen in 

plasma f-Trp and NEFA concentration, and not in plasma PRL concentration in four other
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subjects could be due to more than one factor. Testing was conducted between the hours of 

08:00 and 11:00, and the investigators did not indicate if all subjects started exercising at 

the same time. Since the exercise and recovery only lasted 90 min in total it would seem 

that subjects did in fact start exercising at different times. It was demonstrated in the study 

carried out in Chapter 3 of this thesis, that basal levels of PRL might not be obtained until 

at least 11:00, and that measurements taken before 11:00 may be reflecting decreasing PRL 

levels after the nocturnal rise. Therefore it is paramount that if testing commences before 

11:00, all subjects must start at the same time. If some subjects started exercising 1.5-2 

hours after other subjects then their resting levels will be lower and more likely to 

demonstrate an effect of the exercise. In addition to this, the six subjects consisted of one 

untrained and five trained participants. Since it has been shown that a down-regulation of 

serotoninergic activity occurs in endurance-trained athletes (Jakeman et al., 1994) it would 

have been more appropriate to exclude the untrained subject from the study.

The possibility that central nervous system fatigue could be delayed by nutritional 

strategies designed to alter the plasma f-Trp:BCAA ratio is discussed in the following 

sections.

1.3.5.2 NUTRITIONAL INTERVENTION

Striider et al. (1996b) completed a laboratory-based study with 10 endurance-trained males, 

which investigated the effects of infusing a placebo, amino acid and heparin plus oral soy 

oil solution on indirect measures of central fatigue. They monitored Borg's RPE and 

plasma PRL concentration during 90 min of treadmill running, at a speed corresponding to 

a whole blood lactate concentration of 2 mmol.L" 1 . The authors found that artificially 

elevating FFA by an infusion of heparin and ingesting a soy oil solution, increased plasma 

f-Trp concentrations from approximately 6 umol.L" 1 at rest to 14 umol.L"1 (P < 0.01) by 10 

min into exercise. Based on work by Fernstrom and Wurtman (1971) and Bloxam et al. 

(1980), the approximate 133% increase in f-Trp concentration observed in the heparin and 

soy oil solution may have resulted in at least a 20% increase in brain 5-HT concentration. 

This did not affect plasma PRL concentration, and the increases in plasma f-Trp 

concentration were not mirrored by an increase in plasma PRL at the same time points.
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Striider et al. (1996b) concluded that the factors that cause PRL release during endurance 

exercise are complex and cannot be reduced to a simple causal relationship with 

concentrations in plasma f-Trp. In addition, Borg's RPE was also increased in the subjects 

receiving the heparin and soy oil solution (13.9 ± 1.9 arbitrary units, P < 0.01) but this 

value was no different to the other two conditions tested. Therefore, despite the infusion of 

heparin and soy oil solution causing a marked increase in f-Trp, no significant difference in 

Borg's RPE or running performance was found.

Previous investigations have focused on the effect of a change in the ratio of f-Trp to 

BCAA or LNAA in terms of a putative effect on 5-HT activity on fatigue and perceived 

exertion. However, Striider et al. (1996b) propose that exercise-induced increases in 

plasma f-Trp concentration, and the subsequent increase in the rate of 5-HT synthesis may 

only serve to avoid depletion of central 5-HT rather than to promote 5-HT release directly. 

Decreases in brain 5-HT activity may cause symptoms of insomnia, anorexia and/or 

agitation, which can be seen in patients suffering from classic endogenous depression 

(Cleare, 1988). It is therefore suggested that an exercise-induced increase in f-Trp serves 

as a sophisticated safety mechanism to avoid depletion of 5-HT concentrations during 
endurance exercise (Striider et al., 1996b).

Other strategies to decrease the f-Trp :BCAA ratio during exercise have included BCAA 

and/or CHO supplementation (Blomstrand et al., 1991a, 1991b, 1995, 1997; Davis et al., 
1992; Varnier et al., 1994; van Hall et al., 1995; Davis et al, 1999). Decreasing the f- 

Trp:BCAA ratio may decrease the transport of f-Trp crossing the blood-brain barrier, and 

thus lead to a lowered brain 5-HT synthesis (Acworth et al., 1986). Due to sustained 

exercise, BCAA uptake by muscle may be increased (Dohm et al., 1981), and their plasma 

concentrations may be decreased (Acworth et al., 1986; Blomstrand et al., 1988). In 

addition, Wagenmakers et al. (1991), found an inverse correlation between branched-chain 

complex (BC-complex) activity and muscle glycogen content, suggesting that an inverse 

relationship exists between the extent of BCAA oxidation and glycogen availability. 

Therefore BCAA supplementation aims to maintain and/or increase plasma concentrations 

of BCAA. This may decrease the f-Trp:BCAA ratio and counteract the exercise-induced 

increase in the rate of 5-HT synthesis.
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Supplementation with CHO may induce an insulin-response and thus inhibit NEFA 

mobilisation (Davis et al., 1992). This may enable Trp to remain bound to plasma 

albumin, and/or help maintain plasma BCAA concentrations, through the increase of 

glucose or glycogen availability and the sparing of BCAA metabolism (Davis et al., 1992). 

Either of these two supplementation strategies could minimise the f-Trp:BCAA ratio, 

minimise brain 5-HT synthesis and delay central fatigue.

L3.5.2.1 BRANCHED-CHAINAMINO ACID FEEDING

Although the main aim is to examine the effects of BCAA supplementation on exercise and 

cognitive/mental performance many of the studies in the following section combine the 

BCAA dose with a CHO solution (Blomstrand et al., 1991a, 1991b, 1995; van Hall et al., 

1995; Davis et al., 1999). Adding BCAA to a CHO solution may avoid the interfering 

effect of BCAA supplementation on muscle fatigue in situations of low CHO availability 

(van Hall et al., 1995). BCAA supplementation has been reported to affect performance 

negatively in patients with McArdle's disease, in which there is a muscle phosphorylase 

deficiency resulting in defective muscle glycogen breakdown (Wagenmakers et al., 1990). 

BCAA supplementation may further reduce tricarboxylic acid (TCA) cycle activity when 

glycogen stores are depleted and the availability of CHO is limited (Wagenmakers et al., 

1990). Therefore the aim of adding BCAA to a CHO solution is to limit the affect of 

BCAA on the TCA cycle by avoiding glycogen depletion. In order to differentiate between 

the proposed beneficial effect of BCAA supplementation and CHO supplementation in the 

experimental condition, the control condition must therefore also contain CHO.

Blomstrand et al. (199la) were the first to focus on the administration of BCAA as a way 

to delay CNS fatigue. They reported that the administration of a 6% CHO solution 

containing 7.5 g.L" 1 of BCAA decreased the plasma f-Trp:LNAA ratio and a 6% CHO 

solution (placebo) increased the plasma f-Trp:LNAA ratio after a soccer match 

(Blomstrand et al., 199la). Small improvements in mental performance in all three parts 

of the Stroop colour word test were observed in the experimental condition when post 

exercise values were compared to pre exercise (word sheet: 164 ± 7.5 (post) vs. 154 ± 7.7
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(pre), P < 0.05; colour sheet: 85.7 ± 3.2 (post) vs. 81.5 ± 2.4 (pre), P < 0.05; colour-word 

sheet: 65.1 ± 3.7 (post) vs. 60.9 ± 3.4 (pre), P < 0.05). Unfortunately, the authors once 

again used the incorrect statistical test and reported plasma concentrations of BCAA and 

LNAA on five subjects, whereas they reported colour word test data on six subjects 

without explaining why one subject was left out of the physiological analyses. Blomstrand 

et al. (1991b) also examined the effects of a mixture of BCAA, in a CHO solution on 

mental and physical performance during both a 30 km cross-country race and a full 

marathon. Colour word test performance in the cross-country race was improved in two 

out of three tests conducted after competition (word sheet: 133 ± 23.4 (post) vs. 126 ± 21.1 

(pre), P < 0.05; colour sheet: 78.1 ± 12.7 (post) vs. 75.2 ± 11.6 (pre), P > 0.05; colour-word 

sheet: 49.9 ± 12.5 (post) vs. 46.1 ± 12.2 (pre), P < 0.05). Plasma valine concentrations 

were increased in the experimental group (542 ±160 umol.L" 1 (post) vs. 298 ± 47 umol.L' 1 

(pre), P < 0.001) and plasma BCAA concentrations were decreased in the placebo group 

(245 ± 49 umol.L" 1 (post) vs. 330 ± 80 umol.L' 1 (pre), P < 0.001) following the cross 

country race. Plasma total Trp concentrations decreased in both the experimental (55 ± 16 

umol.L" 1 (post) vs. 74 ± 10 umol.L" 1 (pre), P < 0.01) and placebo group (68 ± 16 umol.L" 1 

(post) vs. 78 ± 14 umol.L" 1 (pre), P < 0.01). Whereas plasma FFA concentrations 

increased in the experimental (0.95 ± 0.27 mmol.L"1 (post) vs. 0.19 ± 0.05 mmol.L" 1 (pre), 

P < 0.001) and placebo groups (0.90 ± 0.32 mmol.L" 1 (post) vs. 0.19 ± 0.05 mmol.L" 1 (pre), 

P < 0.001) after the cross-country race. The authors' suggestion that the supplementation 

of BCAA during exercise may have helped retain the ability to perform well in the colour 

word test after prolonged heavy exercise may have been possible, but since only plasma 

total Trp and FFA concentrations were measured it is merely speculation. Since the 

authors are suggesting that it is the free portion of Trp and its competition with the LNAA 

that governs the transport of Trp across the blood brain barrier it might have been more 

appropriate that they had measured f-Trp concentration, hi the marathon race, plasma 

concentrations of BCAA were increased in those runners (n = 13) receiving the 16 g of 

BCAA supplementation (Isoleucine: 150 ± 40 umol.L" 1 (post) vs. 77 ± 22 umol.L" 1 (pre), P 

< 0.001; Leucine: 270 ± 56 umol.L" 1 (post) vs. 150 ± 40 umol.L" 1 (pre), P < 0.001; Valine: 

830 ± 220 umol.L" 1 (post) vs. 300 ± 90 umol.L" 1 (pre), P < 0.001) and decreased in the 

placebo group which consisted of 13 subjects (Isoleucine: 57 ± 9 umol.L" 1 (post) vs. 77 ± 

19 umol.L" 1 (pre), P < 0.001; Leucine: 121 ± 15 umol.L' 1 (post) vs. 150 ± 31 umol.L' 1
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(pre), P < 0.001; Valine: 250 ± 57 umol.1/ 1 (post) vs. 300 ± 57 umol.!/ 1 (pre), P < 0.001). 

Improved performance indicated by a 3% decrease in marathon time was only seen in the 

runners completing in more than 3.05 h (n = 55). Again, no plasma levels of f-Trp were 

measured in this study, and the colour word test or RPE were not measured. Incorrect 

statistical analyses were used for the analysis of both these races and the marathon results 

may have been misleading since the runners were allowed any other CHO drinks during the 

race. An additional carbohydrate drink consumed during the race could have affected a 

change in performance as seen in the slower runners. In addition, the authors were 

criticised for dividing their subjects into a group of fast and slow runners based on an 

arbitrary marathon time as selection criterion, since this practice is not in accordance with 

accepted statistical methods (van Hall et al., 1995). Although there are always logistical 

problems associated with field-based studies, they continue to be valuable but perhaps 

should be looked at in conjunction with laboratory-based studies.

Recent laboratory experiments on the other hand have shown no beneficial effects of 

BCAA supplementation on physical performance during exercise (Varnier et al., 1994; 

Blomstrand et al., 1995, 1997; van Hall et al., 1995). Varnier et al. (1994) demonstrated in 

a double-blind, cross-over study, that infusing 260 mg-kg^.h" 1 body mass of BCAA or 

saline over 70 min prior to a graded exercise test to fatigue did not affect maximal exercise 

performance in 6 glycogen depleted moderately trained individuals. However, plasma 

concentrations of f-Trp, BCAA and NEFA were not measured and the BCAA dose was not 

added to a CHO solution. Based on the rationale put forward earlier for adding BCAA to 

CHO solutions, Varnier et al. (1994) may not have seen a beneficial effect of BCAA 

supplementation due to a reduction in the activity of the TCA cycle (van Hall et al., 1995). 

In addition, a graded exercise test to fatigue may not have been a suitable test to examine 

the central fatigue hypothesis, since it is relatively short in duration compared to marathons 

or other long distance exercise.

A study conducted by Hassmen et al. (1994) on the other hand, investigated the effects of 

BCAA administration (7 g.L" 1 of BCAA in a 7% CHO solution) on mood and cognitive 

performance only during two separate 30 km cross-country races (experiment 1 and 2). 

Mood and cognitive performance tests consisted of a Stroop colour-word test, profile of
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mood states (POMS) test and five pencil-and-paper tests, and have been discussed 

elsewhere (section 1.3.4.2.5). No differences between trials were observed 

(BCAA+CHO/experimental vs. CHO/placebo, P > 0.05) for the Stroop colour-word test 

performance, and profile of mood states (POMS) test in the first experiment. There were 

however, significant changes in mood and cognitive performance over time. In the first 

experiment, subjects in the BCAA trial performed better post-race compared to pre-race in 

all three tasks of the Stroop colour-word test (Words task: 125.8 ± 4.9 (post-race) vs. 121.6 

± 4.7 (pre-race), P < 0.05; Colours task: 86.3 ± 3.0 (post-race) vs. 81.8 ± 2.6 (pre-race), P < 

0.05; Colour-words task: 58.5 ± 2.9 (post-race) vs. 54.8 ± 2.9 (pre-race), P < 0.05), whilst 

those taking the placebo did not perform any differently. Performance was again better in 

the Stroop colour-word test 2 h post-race in the BCAA trial but only in the second, colour 

task of the test (Colours task: 85.3 ± 2.9 (2 h post-race) vs. 81.8 ± 2.6 (pre-race), P < 0.05). 

Mood altered as a result of the 30 km cross-country racing, for example significant 

increases in tension, anger, fatigue and vigour were observed in each trial during the first 

experiment, however as stated earlier, no differences occurred between trials. Again no 

differences were observed between trials for the POMS and paper-and-pencil tests in the 

second experiment. Math score and repetitive reasoning improved post-race compared 

with pre-race in both the BCAA and placebo trial, whereas in the placebo trial alone 

performance in the shape rotation and figure identification tasks of the pencil-and-paper 

test was worse post-race with respect to pre-race (Shape rotation task: 12.6 ±1.7 (post- 

race) vs. 16.8 ±1.4 (pre-race), P < 0.05; Figure identification task: 10.5 ±1.0 (post-race) 

vs. 12.4 ±1.0 (pre-race), P < 0.05). Although there were no differences in mood state 

between trials in the second experiment, depression and confusion were rated higher post- 

race with respect to pre-race in the placebo trial only. Analysis of the blood, revealed that 

plasma BCAA concentration was higher post-race with respect to pre-race in the BCAA 

trial as expected. The plasma f-Trp:BCAA ratio was higher in the placebo trial after racing 

compared with baseline measurements in the first and second experiments. However, the 

plasma f-Trp:BCAA ratio was also increased post-race in the second experiment. This 

ratio was however higher after racing in the placebo compared with the BCAA trial in both 

experiments (Expt 1-Pre-race: 1.5 ± 0.1 (placebo trial) vs. 1.4 ± 0.1 (BCAA trial), P > 

0.05; Post-race: 3.9 ± 0.4 (placebo trial) vs. 1.7 ± 0.2 (BCAA trial), P < 0.05; Expt 2-Pre- 

race: 1.1 ±0.1 (placebo trial) vs. 1.1 ±0.1 (BCAA trial), P > 0.05; Post-race: 3.2 ± 0.2
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(placebo trial) vs. 2.2 ± 0.2 (BCAA trial), P < 0.05). A decreased plasma f-Trp:BCAA 

ratio in the BCAA trial of each experiment may have resulted in a decreased transport of f- 

Trp across the blood-brain barrier and may therefore have led to a decreased rate of brain 5- 

HT synthesis in the BCAA trial with respect to the placebo trial. However, a lower plasma 

f-Trp:BCAA ratio was not associated with a significantly different mood and cognitive 

performance, indicating that if a lower rate of 5-HT synthesis in the brain did occur in 

comparison to the placebo trial, it fails to provide unequivocal evidence for the benefit of 

supplying BCAA.

Blomstrand et al. (1995) did not find any benefit of BCAA supplements on endurance 

cycling performance in a recent controlled laboratory study based on 5 male endurance- 

trained subjects. Subjects performed exhaustive cycling at a work rate corresponding to 

75% FO2max (after a reduction of their muscle glycogen stores) while consuming in random 

order either a 6% carbohydrate (CHO) solution, a 6% CHO solution containing 7 g.L" 1 of 

BCAA (CHO+BCAA), or a flavoured water placebo. Both CHO groups performed longer 

before fatigue compared with the water placebo group. However, there were no differences 

in performance between the CHO and CHO+BCAA treatments. The same authors in a 

later study again did not observe an improved exercise performance following the 

administration of 90 mg.kg" 1 body mass of BCAA compared to flavoured water 

(Blomstrand et al., 1997). Following intermittent exercise the evening before testing (73 

min cycling in total with subjects beginning at 70% FO2max, and 2 min at 85% FOimax 

every 10 min thereafter), seven male endurance-trained cyclists exercised at a work rate 

corresponding to approximately 70% of their VQ2m^ for 60 min, followed by another 20 

min of maximal exercise. Exercise performance, ratings of perceived exertion and ratings 

of mental fatigue were not improved during the latter 20 min of exhaustive exercise in the 

BCAA trial compared with the placebo. However, during the initial 60 min of exercise 

subjects' ratings of perceived exertion and ratings of mental fatigue were lower, as 

indicated by the area under the curve when subjects received the BCAA solution compared 

with the placebo. Performance in the colour task of the Stroop colour word test performed 

after the 20 min exhaustive exercise was improved following the ingestion of BCAA 

(BCAA trial: 83.2 (74 - 97) vs. Placebo: 78.9 (62 - 97), P < 0.05). Over the course of 60 

min exercise, 20 min exhaustive exercise and 5 min post exercise, plasma concentrations of
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FFA and f-Trp increased in both trials, and plasma BCAA concentrations increased and 

remained unchanged in the BCAA and placebo trials respectively. This led to an increased 

ratio of f-Trp:BCAA in those receiving the placebo, whereas, the ratio was unchanged in 

those on BCAA supplementation. Alleviating increases in the plasma f-Trp:BCAA ratio as 

seen in the BCAA trial therefore does not affect exercise performance, but appears to 

correspond with improved ratings of perceived exertion and mental fatigue during the first 

60 min bout of sub-maximal exercise and improves the number of correct responses to the 

second test of the Stroop colour word test 10 min after the cessation of maximal exhaustive 

exercise. The decreased plasma f-Trp:BCAA ratio in the BCAA trial compared with the 

placebo trial - may have limited the transport of f-Trp across the blood-brain barrier into 

the brain and thus kept brain 5-HT levels from increasing significantly. However, it is 

difficult to prove that the decrease in the ratio of plasma f-Trp:BCAA had a 'central effect', 

since cognitive performance was only improved in the second task of the Stroop colour 

word test alone. The second task requires that the subject names as many colours as 

possible in 45 s and is a relatively easy task. One may expect that if there was less brain 5- 

HT activity and less central fatigue during the BCAA trial, then performance would also be 

better in the most difficult of the three tasks. This task requires that the subjects name the 

colour that the words are written in, for example subjects should answer red on seeing the 

word GREEN written in red ink. Also, without knowing the 'pre' exercise Stroop colour 

word test performance as this was not measured in the study, it cannot be proved that the 

increased number of correct responses during the BCAA trial was actually an 

improvement, since the study design assumed that Stroop colour word test performance 

was identical in both trials before exercise commenced.

Davis et al. (1999) later investigated the effects of consuming CHO beverages with and 

without BCAA before and during intermittent high-intensity running to fatigue, in eight 

male subjects. Subjects ran longer when fed either CHO or CHO+BCAA as compared to 

the placebo (flavoured water) (P < 0.05), but with no differences between CHO and 

CHO+BCAA (P > 0.05). Their findings support that CHO feedings have a beneficial 

effect on fatigue during intermittent exercise, but do not support the hypothesis that BCAA 

supplementation improves exercise performance.
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Perhaps the most important study investigating the effects of altered plasma concentrations 
of f-Trp and BCAA on central fatigue and thus exercise performance is the study 
conducted by van Hall et al. (1995). Ten endurance-trained cyclists were fed on either a 
low (2 g.L" 1 ) or high (6 g.L" 1 ) concentration of BCAA in a solution containing 60 g.L" 1 of 

sucrose during cycling to exhaustion at 70 - 75% of their FOimax- The low BCAA dose 
was comparable to the amount given by Blomstrand et al. (1991b) in their field study and 
in order to obtain similar experimental conditions as this study, the BCAA dose was added 
to CHO. Plasma BCAA concentrations at exhaustion were decreased in the control 
condition and increased by two- and five-fold in the low and high BCAA trials respectively 
(Control: 380 ± 42 umol.L' 1 (post) vs. 443 ± 92 umol.I/ 1 (pre), P < 0.05; Low BCAA: 947 
± 186 umol.L' 1 (post) vs. 521 ± 160 umol.L' 1 (pre), P < 0.05; High BCAA: 2397 ± 483 
umol.L" 1 (post) vs. 450 ± 54 umol.L" 1 (pre), P < 0.05). Cycling performance times to 
fatigue were not improved compared to the placebo. The authors claimed that the large 
variation in cycling times to exhaustion, not reported in the text but plotted 
diagrammatically, was caused by the inter-subject difference in performance time and not 
by large intra-subject variation between treatments. Two calculations of the rate of 
unidirectional Trp transport across the blood-brain barrier (into the brain) were performed 
estimated from Michaelis-Menten kinetics. The first calculation was based upon total Trp 
being available for transport into the brain across the blood-brain barrier (Pardridge, 1983) 
and the second was based upon f-Trp only regulating the transport of Trp into the brain 
(Chaouloff et al., 1986; Newsholme et al., 1987). On performing the first calculation (total 
Trp), the rate of Trp influx did not change from rest to exhaustion in the control condition 
and a 12 and 15% reduction in Trp influx occurred at exhaustion in the low and high 
BCAA trials respectively. The second calculation, based on f-Trp crossing the blood-brain 
barrier revealed that the rate of Trp influx increased 2.9-fold from rest to exhaustion in the 
control condition, and a 2.7- and 2.5-fold increase occurred in the low and high BCAA 
trials respectively. This slight decrease in Trp uptake into the brain with respect to the 
control condition did not affect performance, which is in disagreement with the field study 
of Blomstrand et al. (1991b). The Km(app)jTp in the control, low and high BCAA trials at 
rest were 1008, 1087 and 1003 umol.L"1 respectively, and serves to restrict the rate of Trp 

entry into the brain. In the control condition, exercise decreased the plasma concentration 
of BCAA, thereby increasing the f-Trp:BCAA ratio. This decreased the Km<app^ to 935
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umol.L" 1 promoting an influx of Trp into the brain (supported by the f-Trp calculation). 
On the other hand, plasma BCAA concentrations increased in the low and high BCAA 
feeding conditions. Yet the resulting calculated Kmfapp^ was 1286 umol.L" 1 for both 
conditions. The increase in Km(app)rrp in comparison to rest in the BCAA trials should have 

decreased the rate of entry of Trp into the brain, however, the unidirectional influx of f-Trp 
only decreased marginally in comparison with the control condition. It is important to note 
that, even with high plasma concentrations of BCAA lowering the plasma f-Trp:BCAA 
ratio, the resulting influx of Trp into the brain may only be lowered slightly and therefore 
an expected improvement in exercise performance would be unlikely (Jakeman, 1998).

It appears that in order to see a significant decrease in the influx of Trp into the brain and a 
subsequent improvement in exercise performance, subjects would need to ingest BCAA 
doses well in excess of the study by van Hall et al. (1995).

However, careful consideration should be made prior to the supplementation of large 
amounts of BCAA (Davis and Bailey, 1997). The amount of BCAA required to produce 
relevant alterations in exercise performance is likely to increase plasma ammonia, which 
can be toxic to the brain and may also affect muscle metabolism negatively (Banister and 
Cameron, 1990; MacLean and Graham, 1993; MacLean et al., 1994; Wagenmakers et al., 
1990). Acute ammonia toxiciry, although transient and reversible, may be severe enough 
in critical regions of the CNS to impair performance (co-ordination, motor control) and/or 
produce severe symptoms of CNS fatigue (Banister and Cameron, 1990).

Despite a slight improvement in cognitive performance (Blomstrand et al., 1997), the 
exercise performance data from the aforementioned laboratory studies (Blomstrand et al., 
1995, 1997; Davis et al., 1999; Vamier et al., 1994; van Hall et ah, 1995) suggest that oral 
ingestion of BCAA either does not change the 5-HT concentration in relevant local areas in 
the brain, or that a change in serotoninergic activity during prolonged exercise contributes 
little to mechanisms of fatigue and exhaustion during exercise. Davis et al. (1992) 
suggested that CHO feedings might be a more appropriate strategy for delaying CNS 

fatigue.
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1.3. 5.2.2 CARBOHYDRA TE FEEDING

Oral or intravenous CHO supplementation during exercise has been shown to increase 

plasma insulin and have a suppressive effect on the mobilisation of fatty acids that compete 

with Trp for binding sites on plasma albumin (Coggan and Coyle, 1988, 1991; Murray et 

al., 1989). Such a nutritional intervention should reduce, or negate, the increase in plasma 

f-Trp levels during prolonged exercise (Davis et al., 1992; Jakeman, 1998).

In a laboratory-based study, the effects of consuming a placebo (water), moderate 

concentration CHO solution (6%), and high concentration CHO solution (12%) on cycling 

performance was examined in eight well-trained men (Davis et al., 1992). Subjects cycled 

to exhaustion or for up to 4 h 15 min at a constant workload corresponding to 

approximately 68% KO2max- The authors found that power output was maintained longer 

in both CHO trials in comparison with the placebo trial (6% CHO: 237.6 ± 8.5 (SE) min; 

12% CHO: 236.7 ± 12.5 min; Placebo: 190.8 ± 9.9 min, P < 0.05). Plasma BCAA 

concentrations did not change in the placebo trial, consequently, concentrations were 

higher in the placebo with respect to the CHO trials at 132 min (P < 0.05). Plasma BCAA 

levels were lower in the 12% CHO trial in comparison with the 6% trial beginning at 132 

min (P < 0.05). Lowered plasma BCAA concentrations in the CHO trials reflected the 

increased BCAA oxidation that occurred as a result of the higher plasma insulin in the 

CHO trials from 12 min onwards (P < 0.05). Plasma insulin was also higher at 132 min in 

the 12% CHO trial in comparison with the 6% CHO trial (P < 0.05). Plasma 

concentrations of f-Trp increased as a function of exercise in all 3 trials. Concentrations 

were higher in the placebo at 132 min and were greater in the 6% CHO trial in comparison 

with the 12% CHO trial (P < 0.05). The plasma f-Trp:BCAA ratio also followed the same 

pattern as the f-Trp concentration. Plasma FFA concentration increased in all 3 trials but 

was most dramatic in the placebo trial at 72 min where no CHO was ingested. Plasma FFA 

was also greater in the 6% CHO trial in comparison to the 12% CHO trial beginning at 

approximately 162 min (P < 0.05). Plasma f-Trp correlated well with plasma FFA on an 

individual basis (r = 0.86, P 0.001) and based on mean data (r = 0.96, P < 0.001). Despite 

the obvious positive effects of CHO supplementation on exercise performance, CHO 

supplementation may not be a suitable way of examining the central fatigue hypothesis.
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The primary concern is that the higher plasma insulin concentrations as a result of CHO 

ingestion during exercise may undeniably blunt the plasma NEFA concentration and 

maintain lower plasma f-Trp concentrations, but plasma insulin also increases amino acid 

uptake into the muscles, increases oxidation and is likely to decrease plasma levels of the 

BCAA (Wool, 1965; Dohm et al., 1981; Acworth et al., 1986; Blomstrand et al., 1988). 

This is likely to increase the plasma f-Trp:BC AA ratio and increase the transport of f-Trp 

across the blood-brain barrier leading to an increased rate of brain 5-HT synthesis. The 

lack of assessment of several variables, such as muscle glycogen and specific measures of 

central fatigue, also prevents the delineation between central and peripheral causes of 

fatigue (Davis et al., 1992). The authors concluded that they were unable to determine in 

their experiment the extent to which alterations in plasma f-Trp and the f-Trp:BCAA ratio 

were involved in the potential mechanisms of fatigue during prolonged exercise.

1.3.5.2.3 TRYPTOPHAN FEEDING

Having examined the nutritional strategies aimed at improving exercise and 

cognitive/mental performance through manipulation of the plasma f-Trp:BCAA ratio, Tip 

supplementation on the other hand should theoretically diminish exercise performance. 

The study discussed in section 1.3.5.2.1 (van Hall et al., 1995) not only examined the effect 

of BCAA supplementation on exercise performance, but also investigated the effects of 3 

g.L" 1 of Trp on cycling time to exhaustion at 70 - 75% of FOimax in endurance-trained 

athletes. Time to exhaustion was not different in the Trp trial in comparison to the placebo 

trial (P > 0.05). Plasma BCAA concentrations decreased in both the placebo and Trp trial 

in comparison to rest (Placebo: 380 ± 42 umol.L" 1 (post) vs. 443 ± 92 umol.L" 1 (pre), P < 

0.05; Trp: 372 ± 22 umol.L" 1 (post) vs. 471 ± 35 umol.L' 1 (pre), P < 0.05). Plasma Trp 

concentration increased at exhaustion in the Trp trial in comparison to the placebo 

(Placebo: 43 ± 7 umol.L' 1 (post) vs. 44 ±7 umol.L' 1 (pre), P > 0.05; Trp: 304 ± 61 umol.L' 

1 (post) vs. 41 ± 6 umol.L" 1 (pre), P < 0.05), thereby increasing the plasma f-Trp:BCAA 

ratio in the Trp trial. The estimated rate of Trp influx into the brain was considerably 

greater in the Trp trial with respect to the placebo trial (Placebo: 7.6 (post) vs. 2.6 (pre); 

Trp: 54.0 (post) vs. 2.7 (pre), no statistical test was performed), however, exercise 

performance was not affected. This study does not appear to support the central fatigue
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hypothesis, however, the method in which the Trp supplement was administered warrants 

further attention. Total oral Trp ingestion amounted to on average 3.9 g over the course of 

the exercise period, a larger quantity than that previously reported (30 mg.kg" 1 - therefore 

2.1 g based on a 70 kg subject) to increase subjective and objective measures of central 

fatigue (Cunliffe et al., 1998), therefore this might have affected mental performance. 

However, measures of mental performance were not examined in the study by van Hall et 

al. (1995). Of particular interest is that subjects did not receive the first bolus of Trp until 

5 min before they commenced exercise, and the first bolus only amounted to 0.84 g based 

on a 70 kg subject. Subsequent Tip ingestion occurred every 15 min thereafter and 

amounted to 0.42 g each time. Therefore, in total, 2.52 g of Trp was ingested over the 

course of the first hour. This may have led to a gradual increase in plasma concentrations 

of f-Trp and maximal levels of plasma f-Trp not occurring until later on in the exercise 

period. Pilot work (Appendix I) in our laboratory indicated that plasma f-Trp 

concentrations did not peak until at least 50 - 60 min post ingestion of a single 30 mg.kg" 1 

L-Trp bolus, and may explain why exercise performance did not deteriorate during Trp 

ingestions in the study by van Hall et al. (1995). The study may have benefited from 

giving the Trp bolus 50 min before exercise and then giving subjects a maintenance dose. 

The authors however, speculate that the exercise performance was unchanged possibly due 

to proportional increases in the removal of Trp from the brain and/or acceleration of the 

degradation of 5-HT in the brain, via an increased activity of monoamine oxidase (MAO) 

within the neurones (van Hall et al., 1995). Recall from figure 1.3, that MAO is 

responsible for the breakdown of 5-HT into 5-HIAA. hi support of van Hall et al. (1995), 

it was demonstrated that during Trp administration in the rat, functional behavioural effects 

were only observed when MAO activity was inhibited (Grahame-Smith, 1971); and 

increases in brain 5-HT only occurred during Trp administration after the inhibition of 

MAO activity (Marsden et al., 1979).

Ironically, Segura and Ventura (1988) found that 300 mg doses of L-Trp ingested the night 

before, at breakfast, at lunchtime and 1 h before exercise improved running time to 

exhaustion at a workload corresponding to 80% FO2peak without an increase in perceived 

exertion in 10 out of 12 healthy males. This finding is extremely important in that it also 

appears to refute the central fatigue hypothesis, but certain methodological issues must first
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be addressed. It is likely that the plasma concentration of f-Trp (shown to peak 50 - 60 

min post ingestion of 30 mg.kg" 1 of L-Trp) had returned to baseline values by the morning 

of testing (subjects ingested a 300 mg dose the night before). Therefore the following 3 x 

300 mg doses at breakfast, lunchtime and 1 h before exercise would have amounted to 900 

mg in total. This is a comparatively low dose, compared with the 30 mg.kg" 1 dose shown 

to affect subjective and objective measures of central fatigue (Cunliffe et al., 1998). Also, 

the authors may be criticised for using an absolute dose of 300 mg (2 capsules containing 

150 mg), since their subjects' body mass ranged from 57 to 89 kg. The dose used by 

Cunliffe et al. (1998) amounted to 2.1 g based on a 70 kg subject as opposed to the 900 mg 

dose in the study of Segura and Ventura (1988). Also plasma concentration of f-Trp was 

not measured and it cannot be established if plasma f-Trp concentration was significantly 

increased at the beginning of exercise, hi addition, the subjects did not constitute a 

homogenous group, since subjects' ages ranged from 19 to 47 years, and FO2peak ranged 

from 44.8 to 67.9 ml.kg^.min" 1 . Nevertheless, it was concluded by the authors that the 

improvement in exercise time to exhaustion was due to increased pain tolerance.

It has been suggested that 5-HT may be involved in nociception - the perception of pain 

and behavioural responses to painful stimulation (Lytle et al., 1975); and increased brain 5- 

HT has been shown to produce analgesia in experimental animals (Akil and Liebeskind, 

1975). Depleting brain 5-HT via injections of/p-chlorophenylalanine, has been shown to 

produce hyperalgesia, i.e. extreme sensitivity to painful stimuli (Tenen, 1968), where the 

effects were reversed after injecting 5-HTP, the immediate precursor of 5-HT. Seltzer et 

al. (1982), examined pain perception and tolerance thresholds in subjects by the electrical 

stimulation of their dental pulps, following Trp or placebo ingestion, and found that pain 

tolerance levels were improved in subjects receiving the Trp. It is thought, that 

serotoninergic neurotransmission affects nociception through its effects on the enkephalin- 

endorphin system (Tenen, 1968; Calcutt et al., 1973; Telner et al., 1979), and Segura and 

Ventura (1988) further speculate that if increased activity of the serotoninergic neurones 

does not elicit analgesia or a moderated sensation of pain, then at least these neurones may 

potentiate the analgesic action of morphine and the endogenous opioids.
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Although these studies (Segura and Ventura, 1988; van Hall et al., 1995) appear to 

challenge the hypothesis that increased plasma concentrations of f-Trp may ultimately lead 

to an increased perception of fatigue and deterioration in exercise performance, their 

findings must be supported by more well-controlled studies. Until further and better- 

controlled studies are conducted it cannot be concluded whether changes in the plasma f- 

Trp concentration has a significant effect on exercise performance.

1.3.5.3 PHARMACOLOGICAL INTERVENTION

Much use has been made of the advances in the pharmacology of drugs to probe specific 

neurotransmitter actions in both rat and human subjects (Bailey et al., 1992, 1993a, 1993b; 

Wilson and Maughan, 1992; Marvin et al, 1997; Struder et al., 1998). It therefore 

provides the exercise scientist with an alternative approach to investigating the role of brain 

monoaminergic function in the aetiology of fatigue (Jakeman, 1994).

The effects of pharmacological intervention on direct measures of serotoninergic activity 

(brain 5-HT concentration) in rats are reported in section 1.3.4.1 (Bailey et al., 1992, 

1993a). However, this same group from South Carolina also reported the effects of 5-HT 

agonism and antagonism on exercise time to exhaustion, which may be considered as one 

of the indirect measures of brain serotoninergic activity. A change in the time to 

exhaustion may be indicative of a change in the rate of 5-HT synthesis in the brain, since 

increased synthesis may lead to increased sensations of fatigue within the brain and lead to 

a deterioration in exercise performance (Newsholme and Leech, 1983; Acworth et al., 

1986; Newsholme et al., 1987; Blomstrand et al., 1988). In one of their first studies, 

Bailey et al. (1992) examined the effects of a specific 5-HTic agonist, w-chlorophenyl 

piperazine (mCPP) on exercise time to exhaustion and in a second part to the study 

examined the effects on brain 5-HT and dopamine concentration. Run time to exhaustion 

was decreased in a dose response manner by mCPP administration, with the longest run 

time to exhaustion, approximating 200 min occurring during infusion of the placebo, 0.9% 

saline, and the shortest time, approximating 10 min occurring during infusion of 2.5 mg.kg" 

1 of wCPP. In the second part of the study, rats followed the same exercise protocol as the 

first part, except they only received 1 mg.kg" 1 of wCPP. However, this dose was still found
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to decrease exercise time to exhaustion by 50 min (P < 0.05) in the first part of the study. 

Brain 5-HT concentration was not statistically different in comparison with the placebo, 

but an elevation in brain dopamine and its metabolite 3,4-dihydroxyphenylacetic acid 

(DOPAC) occurring during the placebo trial was attenuated by the mCPP dose in the 

experimental trial. The results indicate that the decreased exercise time to fatigue might 

have been attributed to decreased brain dopamine synthesis. A further study by the same 

group (Bailey et al., 1993a) demonstrated that exercise time to exhaustion was increased 

following the administration of 1.5 mg.kg" 1 of a 5-HT antagonist, LY 53857 and decreased 

following the administration of 1 mg.kg" 1 of a 5-HT agonist, quipazine dimaleate. The 

attenuation of brain dopamine and DOPAC in rats treated with quipazine dimaleate and the 

maintenance of brain dopamine and DOPAC in rats treated with LY 53857 may have been 

responsible for the decreased time to fatigue in the former (quipazine dimaleate) and 

increased time to fatigue in the latter treatment (LY 53857), indicating an interaction 

between the serotoninergic and dopaminergic systems in affecting fatigue during prolonged 

exercise (Bailey et al., 1993a). hi order to dismiss a possible role for the peripheral effects 

on the change in performance observed following pharmacological intervention with 

quipazine dimaleate and LY 53857, Bailey et al. (1993b) demonstrated that the negative 

effect of quipazine dimaleate on exercise time to exhaustion was not alleviated by the prior 

administration of either 200 or 100 ng.kg" 1 of xylamidine tosylate, a peripherally restricted 

5-HT antagonist that does not cross the blood-brain barrier, indicating that the effects of 

increased serotoninergic activity are likely to be central in nature.

Wilson and Maughan (1992), were the first to study the effects of a single oral dose of a 

serotoninergic agonist (20 mg Paroxetine) on cycling time to exhaustion at 70% VQima*. in 

humans. The median exercise time to exhaustion following a single dose of Paroxetine 

was found to be considerably shorter than with a placebo (Paroxetine trial: 94 (range 84 - 

127) min; placebo trial: 116 (range 86 - 133) min, P < 0.05), and there were no differences 

between trials in the metabolic or cardiorespiratory responses to exercise. The authors 

concluded that the decrease in performance might have been mediated by an increased 

synaptosomal 5-HT concentration, since Paroxetine, often used clinically to treat 

depression, acts as a specific 5-HT synaptosomal re-uptake inhibitor (Thomas et al., 1987). 

Striider et al. (1998), also used a 20 mg dose of Paroxetine on 10 endurance-trained cyclists



Chapter 1 - Introduction_________________________________________Page 40

exercising at a workload corresponding to a blood lactate level of 2 mmol.L' 1 until 

volitional exhaustion. They also observed a significant decline in the time to exhaustion 

following Paroxetine administration (Paroxetine trial: 131 ± 36 min; placebo trial: 157 ± 53 

min, P < 0.05). In addition, they measured self-perceived mood state (EZ-scale), mental 

concentration (Prickar-test) and performance (KL-test) post-exercise (see section 1.3.4.2.5 

for description of tests used). They observed a decrease in drive and motivation during the 

KL-test in the Paroxetine trial in comparison with the placebo trial (Paroxetine trial: 95.1 ± 

34.4; placebo trial: 108.9 ± 43.3, P < 0.05). However, plasma PRL concentration and self- 

perceived mood states were unaltered in comparison to the placebo. Weicker and Striider 

(2001) in a later study disagree with Wilson and Maughan (1992) on the mechanism 

responsible for the observed decrease in exercise time to exhaustion in their earlier study. 

They believe that acute administration of Paroxetine decreases exercise performance 

because it, 1) reduces the impulse frequency of the secretory release of 5-HT from the 

vesicles into the synaptic cleft (Rudnick and Clark, 1993); and 2) at the same time also 

reduces 5-HT formation by diminishing the velocity of the plasma membrane transport of 

Trp hydroxylase, the key enzyme involved in the synthesis of 5-HT (Weicker and Striider, 

2001). This would therefore lead to a decrease in 5-HT in the synaptic cleft, not an 

increase as hypothesised by Wilson and Maughan (1992).

A deterioration in exercise performance was also observed by Marvin et al. (1997). They 

demonstrated that the oral administration of a partial 5-HTiA agonist, Buspirone (45 mg) 

before cycling exercise, decreased time to volitional fatigue. Serum PRL was also elevated 

both during exercise and at exhaustion and RPE was higher during the earlier stages of 

exercise in the Buspirone trial. Although these results suggest a possible role for the 

serotoninergic system in prolonged exercise, because Buspirone also has an antagonist 

action at pituitary dopamine receptors, the increased serum PRL secretion observed in this 

study may also have occurred through the inhibition of dopamine secretion, since 

dopamine also acts as a PRL-inhibiting factor. The complexity of these drug interactions 

may explain, in part, why later studies have not been able to fully corroborate these early 

findings. Using a generically-similar drug to Paroxetine, 70 mg Fluoxetine, Davis et al, 

(1993), found no change in cycling performance. A lack of change was also reported by 

Jakeman et al. (1994), where subjects were exercised at 60% VOzmax in response to an oral
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dose of a genetically different 5-HT agonist, D-Fenfluramine (30 mg). Using the opposite 

approach, Pannier et al. (1995), studied the effects of a single dose of the anti-migraine 

agent Piztifen, a serotoninergic antagonist, on treadmill endurance performance at 70% 

^C>2max. Compared with a placebo, endurance time decreased in seven of the eight subjects 

taking Piztifen in this study. The data on human subjects, therefore, are inconclusive. 

Nevertheless, although the use of pharmacological agents as 'probes' of brain 

neurotransmitter function and the investigation of the 'central' component has yet to be 

fully established, there are exciting prospects for their future use.
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1.4 SUMMARY

There is a lack of evidence supporting a beneficial effect of BCAA supplementation on 

exercise performance, with the majority of studies agreeing that BCAA supplementation 

does not improve exercise performance (Blomstrand et al., 1995, 1997; Varnier et al., 

1994; van Hall et al., 1995; Davis and Bailey, 1997). A shortage of well-controlled studies 

investigating the effects of L-Trp on exercise performance, demonstrates that more studies 

administering L-Trp must be carried out in order to explore the relationship between 

artificially elevating brain f-Trp concentration and exercise performance and/or cognitive 

performance. Earlier well-controlled studies on both rats and humans, examining the 

effects of pharmacological intervention on exercise performance would indicate that there 

is a great deal of evidence linking the rate of brain 5-HT synthesis with a deterioration in 

exercise performance (Bailey et al., 1992, 1993a; Wilson and Maughan, 1992; Marvin et 

al., 1997; Striider et al., 1998). However more recent work undertaken on humans, (Davis 

et al., 1993; Jakeman et al., 1994; Pannier et al., 1995) would indicate otherwise. Findings 

from studies investigating the relationship between an increased plasma f-Trp:BCAA ratio, 

cognitive performance and exercise performance are also inconsistent, and may benefit 

from measuring additional indirect markers, such as venous concentrations of PRL.

It can be seen from the literature, that more work is needed to establish whether or not a 

link exists between the plasma concentrations of f-Trp, rate of synthesis of brain 5-HT, 

cognitive performance and exercise performance.
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1.5 THESIS AIMS

The aim of the present investigations were to investigate the relationship between the main 

indirect venous markers of serotoninergic activity, namely f-Trp and PRL during prolonged 

exercise in normobaric normoxia and normobaric hypoxia, after a 30 s high-intensity bout 

of exercise, and before and after conducting a cognitive test in which functional magnetic 

resonance imaging of the brain was performed following L-Trp ingestion.
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1.6 HYPOTHESES

Prolonged cycling and hypoxia

[1] Indirect markers of serotoninergic activity are elevated more during prolonged 
exercise in normobaric hypoxia, in comparison with normobaric normoxia, and as a 

result cognitive performance will deteriorate.

[2] Indirect markers of serotoninergic activity are elevated more during prolonged 

exercise at an absolute exercise intensity in normobaric hypoxia, in comparison 

with exercise at a relative exercise intensity in the same environment. As a result 

cognitive performance is expected to be worse after exercise at an absolute exercise 

intensity.

High-intensity exercise

[1] Indirect markers of serotoninergic activity, namely plasma f-Trp and serum PRL 

concentration will decrease in response to short duration (30 s) high-intensity 

cycling.

Tryptophan feeding and f-MRI

[1] Indirect markers of serotoninergic activity, such as venous f-Trp and PRL 

concentrations will be elevated more following L-Trp administration. As a result 

reaction time will be slower and the number of errors will be greater in those 

ingesting L-Trp during the interference task of the counting Stroop test.

[2] Functional MRI of the brain will demonstrate a different pattern of brain activation 

in those subjects completing the counting Stroop interference task after ingesting L- 

Trp.



- CHAPTER 2 -

GENERAL METHODOLOGY
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2.1 BLOOD METABOLITES

2.1.1 NON-ESTERIFIED FA TTY ACIDS

The plasma concentration of non-esterified fatty acid (NEFA) was analysed using a Wako 

NEFA C kit (Wako Chemicals GmbH, Neuss, Germany) on a centrifugal analyser (IL- 

Monarch, Warrington, UK). The Wako NEFA C test kit uses an in vitro enzymatic 

colourimetric method for the quantification of NEFA.

The Wako enzymatic method relies upon the acylation of coenzyme A (CoA) by the fatty 

acids in the presence of added acyl-CoA synthetase (ACS). The acyl-CoA produced is 

oxidised by adding acyl-CoA oxidase (ACOD) with generation of hydrogen peroxide. 

Hydrogen peroxide, in the presence of peroxidase (POD) permits the oxidative 

condensation of 3-methyl-N-ethyl-N-(p-hydroxyethyl)-aniline (MEHA) with 4- 

aminoantipyrine to form a purple coloured adduct which is measured colorimetrically at an 

absorbance of 550 nm. Ascorbic acid existing in the sample causes a significant 

interference due to its biological role as an antioxidant and known ability to react with 

hydrogen peroxide. Therefore, ascorbate oxidase (AOD) is added to the reaction mixture 

at the outset to conveniently and completely remove all ascorbic acid from the sample.

2.1.1.1 PROCEDURE

Plasma was collected in a lithium heparin vacutainer and immediately centrifuged (800 x 

g, 10 min, 4 °C ) and stored at -70 °C. The plasma was thawed on ice immediately prior to 

sample preparation. Since the plasma concentration of NEFA is very sensitive to thawing 

and temperature, it is important to use 'virgin' plasma samples that have been rapidly 

cooled prior to freezing. Once thawed, samples were agitated using a vortex (Fisons 

Whirlimixer, Fisons Scientific Equipment, Loughborough, UK) then centrifuged at 4 °C 

and at a speed of 800 x g for 10 minutes (Centra-CL3R Refrigerated Centrifuge, 

International Equipment Company, Needham Heights, USA).
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After calibration, 80 ul of plasma was pipetted using a Gilson Pipetman (Gilson, Villiers- 

le-Bel, France) into plastic wells, with each run starting and ending with 1 well of solution 

A and 1 well of solution B made up from the colour reagent and solvent. The appropriate 
programme was selected on the centrifugal analyser (IL-Monarch, Warrington, UK) and 

absorbance was read at 550 nm.

2.1.1.2 SOLUTIONS

Solution 'A'

Colour reagent A (dry form) Solvent A (65 ml aqueous solution)
ACS -3U/vial Phosphate buffer, pH 6.9 - 0.05 moll/ 1 

AOD - 30 U/vial Magnesium chloride - 3 mmol.L" 1 
CoA - 7 mg/vial Surfactant 

ATP - 30 mg/vial Stabilisers 
4-Aminoantipyrine - 3 mg/vial

Solution Mr
Colour reagent B (dry form) Solvent B (130 ml aqueous solution)
ACOD -132 U/vial MEHA -l.2mmol.L- 1 

POD -150 U/vial Surfactant

NEFA standard solution (10 ml aqueous solution with a known concentration of a
NEFA)
Oleicacid -1.0 mmol.L- 1

Surfactant

Stabilisers

Preparation of reagent solutions

1. 10 ml of solvent A were added to a vial of colour reagent A and mixed gently by 

inverting until the contents were completely dissolved.

2. 20 ml of solvent B were added to a vial of colour reagent B and mixed in the same 

manner as for reagent A.
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3. Solutions were left to stand for 30 min at room temperature, before they were placed on 

ice and either used or stored for no longer than 4 days.

2.1.2 BRANCHED-CHAIN AMINO ACIDS

In order to analyse plasma samples for branched-chain amino acids (BCAA), samples were 

first deproteinised.

2.1.2.1 DEPROTEINISATION

Heparinised frozen plasma samples were thawed on ice. Samples were subsequently 

centrifuged for 30 s in a micro-centrifuge (Sigma 113, Laboratory Centrifuges GmbH, 

Osterode/Harz, West Germany) to remove fatty deposits. Samples were deproteinised two 

at a time to avoid degradation of the amino acids in acidic conditions over time. 300 \\\ of 

plasma was placed into micro-tubes and an equal amount of 10% perchloric acid (PCA) 

was added to them. The tubes were vortexed for 3 s and centrifuged immediately for 3 min 

at maximum speed. Meanwhile the following solutions were placed into micro-tubes: 15 

1^1 of universal pH indicator, 50 \i\ of 0.5 mM triethanolamine (TEA) buffer, and 100 ^1 of 

20% potassium hydroxide (KOH w/v).

460 ^il of the centrifuged supernatant was then added to the above micro-tubes, vortexed 

briefly and neutralised (pH 7.2 - 7.4). Titration was undertaken with 20% KOH until the 

supernatant was slightly lighter than mid-green. The volumes added at this stage were 

noted in order to correct the final concentrations.

The eppendorf tubes (Eppendorf, Hamburg, Germany) were then centrifuged once more 

for 30 s at maximum speed before aliquotting into new eppendorf tubes for freezing or 

further analysis.
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2.1.2.2 PROCEDURE

Purified leucine dehydrogenase (LDH) from a strain of Bacillus subtilis is a procedure 

outlined by Livesey and Lund (1980), that is suitable for the quantitative determination of 

leucine, isoleucine and valine and their 2-oxoacid analogues in tissue extracts.

The assay mix was prepared with 1 ml of Tris-HCL buffer, 0.1 ml 2% NAD, and 0.9 ml 

H20.

Three standards (0.2 mM, 0.4 mM and 0.8 mM) were prepared from the stock solution. 1 

ml of the assay mix and 100 ul plasma/standard were then added to 1.6 ml cuvettes and 

covered with parafilm and shaken individually by hand to mix. Readings were 

immediately made using a spectrophotometer (Novaspec II, Pharmacia, LKB) at a 

wavelength of 340 run (Rl). The reaction was then started by adding 10 ul of LDH to the 

cuvettes and allowed to incubate for 1.5 h at room temperature. The absorbance was read 

once again (R2) at the same wavelength as before and the plasma BCAA concentration 

was calculated from the following formulae:

Standards: = 1000x
6.22

c , Samples: 1Ann = 1000x \
6.22

11 +
460 + y

where, Rl 

R2

x

y

First reading

Second reading

volume of KOH added in deproteinisation

volume of supernatant added in deproteinisation

1000, 11.2, 11, 6.22, 22.2, 22, 65, 460 are constants based on the volumes used
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2.1.2.3 SOLUTIONS

Phosphate buffer (0.01 M, pH 7.2) 

LDH (50 U.mr 1 )

Tris-HCL buffer (pH 9.0)

Standards (4 mM) 

NAD (2%)

174 mg K2HPO4 in 100 ml H2O

0.63 mg (25 U) LDH in 0.5 ml phosphate

buffer

Dissolve the following in 100 ml H2O:

Tris 1.21 g

NaEDTA 74.4 mg

Hydrazine hydrate 2 ml

52.48 mg Leu in 100 ml H2O

dissolve NAD in H2O to give final

concentration of 20 mg.mr'

For deproteinisation: PCA (10%), universal pH indicator, TEA (0.5 mM) and KOH (20%)

2.1.3 TRYPTOPHAN (TOTAL AND FREE)

Denckla and Dewey (1967) were the first authors to devise a sensitive, specific and simple 

fluorimetric method for the assay of tryptophan (Tip). The reaction involves the formation 

of the fluorophore, norharman, from tryptophan by condensation with formaldehyde and 

then oxidation with ferric chloride (FeCla) in acidic conditions.

The revised method by Bloxam and Warren (1974) uses the same reagents and procedure 

as described by Denckla and Dewey (1967) except for a few modifications. The reagents 

and procedure outlined below incorporate these modifications.

Standards were prepared for total and free Trp (f-Trp) using 10% of trichloroacetic acid 

(TCA) and 25 of uM Trp (Table 2.1).
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Table 2.1 The concentrations of 10% TCA and 25 uM Trp in the preparation of standards

f-Trp

Trp

(UM)

0
1

2

3

4
5

10% TCA

(ml)

1.0

0.96

0.92

0.88
0.84
0.80

25MMTrp

(ml)

0

0.04
0.08

0.12
0.16
0.20

Total Trp

Trp

0*M)

0

5
10

15

20
25

10% TCA

(ml)

1.0

0.8

0.6
0.4

0.2
0

25^M Trp

(ml)

0

0.2

0.4

0.6
0.8

1.0

2.1.3.1 PREPARATION OF PLASMA SAMPLES FOR ANALYSIS 

OF FREE TRYPTOPHAN

Previously frozen heparinised plasma samples were thawed on ice, vortexed and 

centrifuged at 4 °C at a speed of 800 x g for 10 min to remove fatty deposits. 250 ul of 

plasma was then aliquotted into Ultrafree-MC Centrifugal Filter tubes (Millipore 

Corporation, Bedford, USA). Samples were gassed for 30 s with 95% C»2 and 5% CC>2 and 

shaken for 10 min to allow time for equilibration of gases in plasma and attainment of 

specific/standard pH. Samples were subsequently centrifuged at 5,000 x g for 25 min at 

room temperature, a higher g force could damage the filter membranes. The centrifugation 

was interrupted after 10 min and samples vortexed to prevent clogging of the filter 

membranes.

The ultrafiltrate was then prepared in the same manner as total Trp.
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2.1.3.2 PROCEDURE FOR THE ANALYSIS OF FREE AND 

TOTAL TRYPTOPHAN

10% TCA was added to agitated and centrifuged plasma (total Trp) or ultrafiltrate (f-Trp) 

in the following ratio - 1:4 (plasma: 10% TCA). Samples were then vortexed and 

centrifuged at 10,000 x g for 2.5 min then placed in ice until ready to be placed into glass 

tubes prior to incubation.

To 10 ml glass tubes, the following were added in this order, 1.7 ml of 10% TCA, 100 ul 

of sample or standard, 200 ul of 2% Formaldehyde, and 100 ul of FeCl3/TCA.

Once aliquotted into glass tubes each one was vortexed for 3 s and their tops screwed on 

loosely. Samples were incubated in a previously heated (100 °C) water bath for 1 h. After 

incubation, samples were removed and placed immediately on ice for 20 min, after which 

they were removed and allowed to attain room temperature for 20 min before decanting 

into 4 ml UV methacrylate cuvettes (Hughes and Hughes Ltd., UK).

Readings were measured at an excitation and emission of 373 nm and 452 nm respectively 

on a dual beam LS-5 Fluorescence Spectrometer (Perkin Elmer, Buckinghamshire, UK). 

Readings were taken 10s after the insertion of the cuvette in the spectrometer. In a series 

of tests, the author had established that this was the optimum time to obtain repeatedly 

consistent readings (Table 2.2).

Final plasma total and f-Trp concentrations were measured by reading off a standard curve 

that was obtained from the fluorescence and standard tryptophan concentrations (0-5 uM 

for f-Trp; 1-25 uM for total-Trp). This final reading was corrected for the dilution factor.
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Table 2.2 Repeated measurements made on 1 sample in the spectrometer

Presentation

1

2

3

4

5

6

7

8

9

10

Mean

SD

CVa (%)

Reading/Fluorescence 

(umoLL 1 )
23.8

23.0

23.4

22.5

22.6

22.9

22.8

22.6

22.4

23.8

22.98

0.52

2.3

SD, standard deviation; C Va, coefficient of analytical variation.

The coefficient of the analytical variation (CVa) was found to be 2.3% when one sample 

was presented 10 times, and a reading taken 10 s after presentation.

2.1.3.3 SOLUTIONS

TCA(10%) - 10 gin 100 ml of H2O

TCA/FeCl3 (6 mM) - 0.162 g FeCl3 (x 6 H20) in 100 ml 10% TCA

Formaldehyde (2%) - 5.9 ml 38% Formaldehyde in 100 ml H20
Tryptophan stock solution (4 mM) - 81.69 nig in 100 ml 0.1 M NH4OH

Tryptophan (25 uM) - 156 ul 4 mM Trp in 25 ml 0.1 M NH4OH

NH4OH (0.1 M) - 387 ul NH3 in 100 ml H20

All solutions were kept chilled and stored in brown glass bottles or wrapped in foil. 

Distilled water was used throughout.
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2.1.4 PROLACTIN

A chemilurninometric radio-immunoassay (RIA) was used to measure serum prolactin for 

the studies in Chapter 4 and 5, and an immuno-radiometric assay (IRMA) was used to 

measure plasma prolactin concentrations for the study in Chapter 6.

2.1.4.1 RADIO-IMMUNOASSAY (CHEMILUMINOMETRIC 

TECHNIQUE)

The Chiron Diagnostics ACS: 180 Prolactin (PRL) assay (Chiron Diagnostics Ltd., 

Halstead, UK) is a two-site sandwich immunoassay using direct, chemilurninometric 

technology, which uses constant amounts of two antibodies. The first antibody, in the Lite 

Reagent, is a polyclonal goat anti-prolactin antibody labelled with acridinium ester. The 

second antibody, in the Solid Phase, is a monoclonal mouse anti-prolactin antibody, which 

is covalently coupled to paramagnetic particles. A direct relationship exists between the 

amount of prolactin present in the patient sample and the amount of relative light units 

detected by the system.

2.1.4.1.1 PROCEDURE

The system automatically dispensed 25 ul of sample into a cuvette before dispensing 100 

ul of Lite Reagent and incubating the mixture for 5.0 min at 37 °C. 450 ul of Solid Phase 

was then dispensed and the combination was again left to incubate for 2.5 min at 37 °C. 

The system then separated, aspirated and washed the cuvettes with reagent water, before 

dispensing 300 ul each of Reagent 1 and 2 to initiate the chemiluminescent reaction.

The CVa of this method varies from 3.6 to 4.5% with mean values ranging from 57.2 to 

2565.2 ulU.mr 1 . This corresponds to a CVa of 3.65% at normal physiological 

concentrations of the measure.
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2.1.4.1.2 SOLUTIONS

Reagent Volume Ingredients
ACS: 180 5.0 ml/vial polyclonal goat anti-prolactin antibody (~ 0.8 ug/vial)

Prolactin labelled with acridinium ester in buffer with sodium

Lite Reagent azide (0.11%) and preservatives

ACS: 180 22.5 ml/vial monoclonal mouse anti-prolactin antibody 

Prolactin (-82.6 ug/vial) covalently coupled to paramagnetic 

Solid Phase particles in buffer with protein stabilizers, sodium azide

(0.11 %), and preservatives

2.1.4.2 IMMUNO-RADIOMETRIC ASSAY

The immuno-radiometric assay used in this section is based on coated-tube separation and 

on the oligoclonal system, in which several monoclonal antibodies directed against distinct 

epitopes of PRL have been used. Mabsl, the capture antibodies, are attached to the lower 

and inner surface of the plastic tube. Standards or samples added to the tubes will initially 

show low affinity for Mabsl. Addition of Mab2, the signal antibodies labelled with 125I, 

will complete the oligoclonal system and trigger the immunological reaction. After 

washing, the remaining radioactivity bound to the tube reflects the antigen concentration.

2.1.4.2.1 PROCEDURE

Dayl

0.05 ml of standards/samples were pipetted into labelled tubes before adding 0.05 ml of 

solid-phase to them. The tubes were vortexed briefly, and incubated for 3-5 h on rotary 

mixers at room temperature. After incubation, 2 ml of wash buffer were added to each 

tube and subsequently centrifuged for 5 min at 800 x g, before discarding the supernatant. 

0.05 ml of tracer and 0.4 ml of the assay buffer were added to each tube and vortexed 

briefly once again. The tubes were left to incubate overnight on rotary mixers.



Chapter 2 - General methodology_____________________________________Page 55

Day 2

2 ml of wash buffer was added to the tubes and subsequently centrifuged, before the 

supernatant was discarded as for the previous day. This washing step was repeated and the 

samples read.

The CVa of this method varies from 4.0 to 6.4% with mean values ranging from 7.5 to 26.6
-ing.ml" .

2.1.4.2.2 SOLUTIONS

Reagents
125I anti-pi

Solid-phase anti-prolactin (sheep)

125I anti-prolactin tracer (monoclonal mouse)

Stock buffer
15.3 g sodium hihydrogen orthophosphate dihydrate and 57.1 g disodium hydrogen 

orthophosphate anhydrous in 1 L of H2O (pH adjusted to 7.4) 

2 ml of 1% thiomersol

Wash buffer
100 ml of stock phosphate and 5 ml Tween 20 in 1 L

Assay buffer
1% BSA in 100 ml fresh wash buffer

2.1.5 CATECHOLAMINES

The procedure uses high-performance liquid chromatography (HPLC) and is based on a 

method outlined by Durton et al. (1999). The protocol featured an improved sample 

handling system that includes dialysis and sample clean-up on a strong cation trace- 

enrichment cartridge. The catecholamines, noradrenaline (NA) and adrenaline (A) are then
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separated by reversed-phase ion-pair chromatography and quantified by electrochemical 
detection.

The second generation ASTED XL (automated sequential trace enrichment of dialysates), 
manufactured by Gilson (Anachem) utilises two rheodyne valves and two dilators. The 
technique involves the dialysis of the plasma sample to remove protein and other 

macromolecules. The catecholamines are then trace-enriched onto a strong cation- 
exchange resin and eluted onto the analytical column. Separation is achieved by reversed- 
phase ion-pair chromatography with coulometric detection of the catecholamines, whereas 
the trace-enrichment cartridge and dialyser are regenerated for subsequent injections.

2.1.5.1 PROCEDURE

The optimised plasma sample volume was 740 ul, taken as two separate aliquots of 370 ul. 
The individual aliquots dialysed into 2 ml of 5 mmol.L' ammonium phosphate buffer (pH 
8.6), and the dialysate was applied to the trace-enrichment cartridge.

The mobile phase consisted of 50 ml in 125 mmol.L" 1 diammonium hydrogen 
orthophosphate containing 101 mg of heptane sulphonic acid and 73 mg of EDTA adjusted 
to a pH of 3.5. A 15.0 x 0.46 cm Ultratechsphere 5 urn ODS 2 column (HPLC 
Technology) was used at a flow rate of 1.5 ml.min" . The dialysis recipient solvent was 5 
mmol.r 1 diammonium hydrogen orthophosphate adjusted to a pH of 8.3. 
Dihydroxybenzylamine was used as the internal standard at a concentration of 60 nrnol.L" 1 , 
50 ul of which was added to 750 ul of sample.

The individual catecholamine's responses were corrected to the internal standard response, 
and this ratio was related to known concentrations of each analyte. The regression analysis 
of observations for NA and A was:

NA - y= 11.1 x 105x+ 10, r = 0.998 

A - y = 12.5 x 105x + 8, r = 0.988

where, y is the electronic signal in computed integration units.
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The CVa for NA was between 9 and 3.1% for mean values ranging from 1.73 to 8.15 
nmol.L" 1 and the CVa for A was between 8.9 and 4.2% for mean values ranging from 0.38 
to 6.44 nmol.L" 1 .

2.2 GENERAL EXPERIMENTAL PROTOCOL

2.2.1 PHYSIOLOGICAL PARAMETERS

2.2.1.1 HEART RATE

Heart rate was measured using both a heart rate monitor (Polar Electro Oy, Kempele, 
Finland) and a 3-lead electrocardiogram (ECG) (Lifelpulse 10, HME, Hertfordshire, UK). 
After preparing the sites with shaving and exfoliating, sites were wiped with 70% alcohol, 

once dry the electrodes were positioned. It was decided that placement of the right and left 
arm leads would be better on the upper chest (beneath the right clavicle and between the 
sternum and shoulder) to limit excessive muscle artefact that might be caused by 
movement of the limbs. The left leg lead was also moved to a position lateral to the lower 

rib on the left hand side of the body.

2.2.1.2 OXYGEN UPTAKE

Oxygen uptake was measured using the Douglas Bag method. A two-way Hans Rudolph 
valve (Hans Rudolph, inc, Kansas City, USA) via plastic tubing was connected to a 
Douglas bag. The expired air was analysed for the percentages of oxygen and carbon 
dioxide using paramagnetic and infra-red gas analysers (Servomex Oa/COa analyser 1400 

B4 STD/FLS, Servomex PLC, East Sussex, UK). The volume of expired air was 
determined using a Harvard dry gas meter (Harvard Apparatus Ltd., Kent, UK). The 
Servomex was calibrated before each use and throughout the day using an oxygen-free gas 

mixture (99.9% Nitrogen) and a gas mixture of 17% Oxygen and 5% Carbon dioxide to 
calibrate the analyser.



Chapter 2 - General methodology_____________________________________Page 58

2.2.1.3 ARTERIAL OXYGEN HAEMOGLOBIN SATURATION

A finger clip sensor (Nonin 8800 Cardiorespiratory Oximeter, Plymouth, USA) was placed 

on the subject's index finger in order to monitor arterial oxygen haemoglobin saturation.

The device determines arterial haemoglobin oxygen saturation by measuring the absorption 

of red and infrared light passed through the tissue. Changes in absorption caused by 

pulsation of blood in the vascular bed are used to determine arterial saturation and pulse 

rate.

Care was taken to position the sensor on the top and bottom of the end of the finger. The 

light emitter portion was placed on the fingernail side.

2.2.2 CAPILLARY BLOOD ANALYSIS

2.2.2.1 WHOLE BLOOD LACTATE

Arterialised capillary blood samples (20 ul) were taken from the right earlobe, immediately 

mixed for 4 min in a capillary tube containing heparin, nitrite and fluoride and analysed 
enzymatically for whole blood lactate concentration (P-LM5 CHAMPION, Analox 

Instruments, London, UK).

L-lactate oxygen oxidoreductase (LOD) catalyses the oxidation of L-lactate to pyruvate.

LOD

L-lactate + C>2 ________^ Pyruvate + H2O2

pH6.5
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2.2.2.2 HAEMOGLOBIN

Haemoglobin (Hb) concentration was determined using the cyanomethoglobin method by 

placing capillary blood in microcuvettes (Hemocue Blood Hemoglobin Photometer, 

Hemocue Ltd., Sheffield, UK).

A glucose dehydrogenase-based reaction occurs in this method with dried reagents 

contained in disposable microcuvettes, which are filled with blood by capillary action. 
After lysis of the cells within the cuvette, whole-blood glucose concentrations are 

measured by use of a coupled glucose dehydrogenase reaction.

Introduction of the cuvette into the photometer within 40 s initiates bichromatic monitoring 

at 660/840 nm.

The reactions are as follows:

Mutarotase 

a-D-Glucose ^ P-D-Glucose

GDH 

P-D-Glucose + NAD———> D-Gluconolactone + NADH

Diaphorase
MTT + NADH —————> MTTH + NAD

(blue)

where, MTT is a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2//-tetrazolium bromide.

The coefficients of variation between runs for the same materials over 30 working days 

were 4.0, 3.8% and 3.9% at glucose concentrations of 4.5, 9.3 and 17.6 mmol.L" 1 

respectively.
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2.2.2.3 PACKED CELL VOLUME

After being centrifuged at 20,900 x g for 4 min in a micro-haematocrit centrifuge 

(Hawksley & Sons Ltd., West Sussex, UK), packed cell volume (PCV) concentration (also 
referred to as haematocrit) was measured using a Hawksley Micro-haematocrit Reader 
(Hawksley & Sons Ltd., West Sussex, UK). Samples were collected into heparinised 
capillary tubes (Hawksley & Sons Ltd., West Sussex, UK), which were sealed at the 
unfilled end of the tube with cristaseal (Hawksley & Sons Ltd., West Sussex, UK).

Hb and PCV blood samples were taken in triplicate and the mean recorded. Changes in 

plasma volume were calculated using the method of Dill and Costill (1974).

2.2.3 VENOUS BLOOD COLLECTION AND ANAL YSIS

Venous blood was collected using either the venepuncture method or via cannulation. 

Blood collected via venepuncture was collected into vacutainers (Becton Dickinson 
Vacutainer Systems, New Jersey, USA) from an antecubital vein in the subjects' arm.

During cannulation, an antecubital vein in the subjects' arm was cannulated (Venflon I. V. 
Cannula 18 GA, 1.77 IN, 1.2 x 45 mm, 80 ml.rn.in~ Becton Dickinson Infusion Therapy 
AB, Helsingborg, Sweden). A three-way valve and extension tube (Connecta Plus 3, 
Stopcock with Extension Tube, Becton Dickinson Infusion Therapy AB, Helsingborg, 
Sweden) was attached to the cannula at one end and blood was collected via a luer adaptor 
(Becton Dickinson Vacutainer Systems, New Jersey, USA) placed onto the vacutainer 
(Becton Dickinson Vacutainer Systems, New Jersey, USA).

Blood was drawn 30 min after the vein was first cannulated. This excludes the possibility 
of an acute increase in PRL concentration from the mild psychological stress that may have 

occurred as a result of the cannulation procedure. Although, serum PRL concentration was 
unchanged following infusions of a saline solution (Charney et al., 1982; Winokur et al., 

1986), withdrawing blood after 30 min is more of a precaution.
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Blood samples collected into chilled lithium heparin vacutainers were placed immediately 

on ice. Samples were subsequently centrifuged at 400 x g for 15 min. Samples collected 

into serum separation tubes (SST) were allowed to clot at room temperature before being 

centrifuged for 15 minutes at 800 x g.

2.2.4 ANTHROPOMETRY

2.2.4.1 BODY MASS AND STATURE

Subjects were weighed using a pre-calibrated balanced weighing scales (Seca Ltd., 

Birmingham, UK) wearing shorts together with a sports bra top in the case of females. 

Subjects were also instructed to remove their footwear. Stature was measured with a 

stadiometer (Seca Ltd., Birmingham, UK).

2.2.4.2 BODY FAT PREDICTION FROM HYDROSTATIC 

WEIGHING

Body density was determined via hydrostatic weighing using the guidelines outlined by 

Behnke and Wilmore (1974). To facilitate full body immersion, an underwater weighing 

device was used. The subject was first weighed in air using calibrated weighing scales 

(Ma), and then weighed underwater several times until a plateau in underwater weight was 

achieved (Mw). Subjects were required to exhale fully before assuming their position on 

the weighing apparatus under the water. The weight of the apparatus in the water, and 

water temperature and density (Dw) were also recorded. Residual lung volume was 

estimated using the re-breathing method.

Body density was predicted from the following equation:

MaDb =

Dw
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where, Db = Body density

Ma = Mass in air

Mw = Mass in water

Dw = Density of water

RV = Residual volume

GIV = Gastro-intestinal volume (estimated to be 100 ml)

Body fat percentage was then estimated from the following equation:

f A o<; \
-4.5 (Siri, 1956)

where, BF = Relative body fat percentage

Db = Body density estimated from hydrostatic weighing

Estimation of residual volume

The estimation of residual volume was performed using an oxygen re-breathing method 

(Wilmoreefa/., 1980).

A 5 L anaesthesia bag was flushed three times and filled with three to five litres of 100% 

oxygen, approximating 80 to 90% of vital capacity. Attached to one end of the bag was a 

standard two - way stopcock. The other end was fitted to the bottom part of a T shaped 

three - way valve. A standard mouthpiece was attached to the base of the T valve which 

was open either to ambient air or to the breathing bag. All tests were conducted with the 

subject in the sitting position and inclined slightly forward to mimic the subject's position 

in the hydrostatic weighing. Following explanation of the testing procedures a nose clip 

was secured firmly on the nose and the mouthpiece positioned properly in the mouth. 

After several breaths through the T' valve, which was opened to ambient air, the subject
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was instructed to perform a maximal expiration. The subject was repeatedly encouraged to 

attain a full maximal expiration. The experimenter than turned the T valve to a position 

that connected the subject to the 5 L bag of oxygen. At this point, the subject was told to 

take five to seven deep breaths from the bag at the rate of about one breath every two 

seconds. Following the five to seven deep breaths, the subject was again told to exhale to 

maximal expiration, at which point the handle of the valve was turned, closing the 5 L bag 

and opening the valve to ambient air. Approximately one litre of the mixed gas was then 

removed from the 5 L bag and the remaining contents were mixed and analysed for Oi and 

CC>2 with a gas analyser. Residual volume was then calculated from the following 

equation:

c-d

where, RV = Residual volume

VC>2 = Volume of oxygen in the bag at the beginning of the procedure 

a = % nitrogen impurity of the original pure oxygen (assumed to be 0

for practical purposes) 

b -% nitrogen in the mixed air in the bag at the point of equilibrium

(100-(%02 + %C02) 

c = % nitrogen in the alveolar air at the beginning of the test (assumed

to be 80%) 

d = % nitrogen in the alveolar air during the last maximal breath

(assumed to be 0.2% higher than the equilibrium percentage)
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2.2.5 DIETARY ANALYSES

Subjects were given a template food diary (Appendix II) to record their food and drink 

intake for the week prior to testing. Subjects recorded the type and quantity of food and 

drink, which was analysed at a later date. Diets were analysed using a computer 

programme (Nutri-Check, Health Options Ltd., Eastbourne, UK).

2.2. 6 CONTROL OF INSPIRED FRACTION OF OXYGEN 

INSIDE THE HYPOXIC CHAMBER

Pilot work was conducted to establish the best practice in reaching and maintaining the 

desired inspired fraction of oxygen (FiC^) inside the environmental chamber used in 

Chapter 4. Pilot work was carried out by Morgan and Bailey (1999-2000).

2.2.6.1 Environmental chamber

The environmental chamber (Hypoxico training systems, California, U.S.A) consisted of 

four transparent walls and roof complete with a sliding door (width, 1.47 m; length, 2.68 

m; height, 2.44 m; volume, 9.61 m3). Five generators were supplied with the unit, and 

each generator consisted of a molecular sieve, which was used to control the F[C>2. For 

schematic representation of the environmental chamber and generator see Figure 2.1.
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Environmental 
chamber

Hypoxic outlet pipe

Molecular sieve

Generator

Flow

Hyperoxic outlet pipe

Power supply

Figure 2.1 Schematic representation of the environmental chamber and one of five 
generators used to control

Each generator was operated via the electric mains supply and the amount of ambient air 

drawn in through the generator was controlled by the flow meter. Air was pumped out of 

the generator via two outlet pipes, the hypoxic and hyperoxic outlet pipes. A molecular 

sieve filtered air passing through the hypoxic outlet pipe, and as a result the percentage of 

oxygen in the air of the distal hypoxic outlet pipe was reduced. Oxygen that did not pass 

through the molecular sieve was then taken back up by the generator and pumped out via 

the hyperoxic outlet pipe.

Using a paramagnetic oxygen analyser (Servomex PLC, East Sussex, U.K.) it was 

established that the percentage of oxygen pumped out by the hypoxic and hyperoxic outlet 

pipes averaged 14.2% and 61.2% respectively (Tables 2.3 and 2.4). In addition, when both 

outlet pipes were combined the average percentage of oxygen pumped out from the pipes 

was 20.9% with the percentage of carbon dioxide remaining stable (Table 2.5).
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Table 2.3 Volume and percentage of oxygen and carbon dioxide pumped 
hypoxic outlet pipe per minute. Flow: 100%; psi: 9

Sample

1

2

3

Mean

Mean values

Oxygen

(%)

14.2

14.2

14.1

14.2 ± 0.1

are expressed

Carbon

dioxide

(%)

0.07

0.03

0.03

0.04 ± 0.02

±SD

Volume

(L)

67.2
67.1
67.5

67.3 ± 0.2

Temperature

(°C)

22.5

22.5
22.5

22.5 ± 0.0

Table 2.4 Volume and percentage of oxygen and carbon dioxide pumped 
hyperoxic outlet pipe per minute. Flow: 100%; psi: 9

Sample

1
2

3
Mean

Oxygen

(%)

60.2

61.6

61.7

61. 2 ±0.8

Carbon
dioxide

(%)

0.03
0.04

0.06

0.04 ± 0.02

Volume

(L)

11.0
11.5

10.8

11.1 ±0.4

Temperature

(°Q

22.8
22.8

22.7
22.8 ± 0.1

out of the

Sample

time

(min)

1

1

1

1

out of the

Sample

time

(min)

1
1

1

1

Mean values are expressed ± SD
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Table 2.5 Volume and percentage of oxygen and carbon dioxide pumped out of the 
hypoxic and hyperoxic outlet pipes combined per minute. Flow: 100%; psi: 9

Sample

1
2
3
Mean

Oxygen

(%)

21.0

20.9

20.9

20.9 ± 0.1

Carbon

dioxide

(%)

0.05

0.05

0.05

0.05 ± 0.00

Volume

(L)
81.4
79.9
79.1

80.1 ± 1.2

Temperature

(°C)

22.4
22.4
22.5

22.4 ± 0.1

Sample

time

(min)

1

1

1

1

Mean values are expressed ± SD

From the data obtained in the above 3 tables, it was established that in order for subjects to 
exercise in normobaric normoxia, air from both pipes would need to be pumped into the 
environmental chamber. For subjects to exercise in normobaric hypoxia, air from the 
hypoxic outlet pipe only would be pumped into the chamber. However, since the 
environmental chamber was not air-tight and subjects were required to exercise for 2 h at 

an FiC>2 of 16%, further pilot work was required to ascertain the length of time it took for 
the environmental chamber to reach an FiC>2 of 16% and remain at this FjO2 throughout the 

duration of the test.

Four generators were placed inside the environmental chamber and FiO2, temperature and 

relative humidity were monitored throughout. However, the FiC>2 decreased far too quickly 

and continued to decrease after 1 h. Temperature also increased steadily inside the 

environmental chamber since the air inside the chamber was being drawn constantly in 
through the generators (Table 2.6). A similar outcome was observed when 3 generators 

were placed inside the chamber (Table 2.7).
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Time

(min)

0
15

30
45

60
75
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105
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Table
placed

Time

(min)

0
15

30
45

60

75

90

105

120

2.6 FiO2, temperature and relative 
inside the environmental chamber

F,02

(%)

20.7

18.7
16.9

15.5

14.5

13.7

13.2

12.8

12.5

2.7 FjOi, temperature and relative 
inside the environmental chamber

F,02

(%)

20.6
19.1

17.8

16.6

15.6

14.9

14.3

13.9

13.5

humidity over 2 h,

Temperature
(°C)

18.3

19.4

21.7
23.9

25.0

25.6

26.7

26.7
27.2

humidity over 2 h,

Temperature
(°C)

17.8
18.9

20.0
21.7

22.2

22.8

23.3

24.0

24.0

when 4 generators were

Relative humidity

(%)

54
54

53
52

52

52

52

52

52

when 3 generators were

Relative humidity

(%)

66

67

67

66
65

65

65
65
65

In light of the increased temperature inside the environmental chamber and continually 

decreasing FjO2 below the percentage required (16%), it was decided to place the 5
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generators outside (Table 2.8), where ambient air (FiO2- 20.93%) would be drawn into the 

generators. By placing the generators outside of the chamber and inside the temperature 

controlled laboratory the ambient temperature drawn into the generators and thus pumped 

out would keep the temperature inside the environmental chamber from increasing above 

uncomfortable levels. In addition, it would allow more space for other apparatus inside the 

environmental chamber, such as the gas analysers, cycle ergometer, 3-lead ECG, de- 

humidifier etc.

Table 2.8 FiO2, temperature and relative humidity over 2 h, when 5 generators were 
placed outside the environmental chamber

Time 

(min)

0

15
30

45

60
75

90

105

120

F|O2

(%)

20.9

18.7
17.3

16.5

15.9
15.6
15.4

15.2

15.1

Temperature
(°C)

18.9

19.4
20.6

20.6
21.1

21.1

21.1
21.1

21.7

Relative humidity

(%)

52

51
51

51

51

51

51
51

51

reached the desired percentage 1 h after the generators were first switched on, and 

continued to decrease at a slower rate between 60 and 120 min (Figure 2.2). It was 

therefore established that the subject would enter the environmental chamber 

approximately 60 min after it had been switched on.
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0 15 30 45 60 75
Time (min)

90 105 120

Figure 2.2 Percentage of oxygen inside the environmental chamber over the course of a 2 
h period

The above pilot work was carried out without any subjects exercising inside the 
environmental chamber, therefore more work was needed to ensure that the regulation of 

Ff>2 to 16% was possible with an exercising subject plus one investigator inside the 

environmental chamber (Table 2.9).

Table 2.9 demonstrates that operating 5 generators outside the environmental chamber 

throughout the 2 h exercise period maintained FiCh close to the desired percentage of 16%, 

where the average F[Oi was 15.8 ± 0.1, and ranged from 15.6 to 16.0%. The subject 

inhaled air from inside the environmental chamber and exhaled through a mouthpiece and 

valve into the air outside the chamber. This was to avoid build-up of carbon dioxide inside 

the environmental chamber.
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Table 2.9 FjO2, temperature and relative humidity over 2 h, when 5 generators were 
placed outside the environmental chamber. The subject and investigator entered the 
environmental chamber approximately 60 min after the generators were switched on

Time 

(min)

0

15

30
45
60

75
90
105
120
Mean

F|O2

(%)

15.9
15.9

16.0
16.0
15.8
15.6
15.7
15.7
15.7

15.8 ± 0.1

Temperature
(°C)

18.9

19.4

20.6
20.6
21.1
21.1
21.1
21.1
21.1

20.6 ± 0.8

Relative humidity

(%)

52
51
51
51
51
51
51
51
51

51.1 ±0.3
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CHAPTER 3 - DETERMINATION OF WITHIN SUBJECT 

VARIATION AND CRITICAL DIFFERENCE

3.1 INTRODUCTION

Many hormones and proteins demonstrate cyclical rhythms that can be circadian, monthly 

or seasonal in nature (Fraser, 1986). As a result studies performed at different times of the 

day could lead to marked differences in baseline measurements of blood parameters. In 

addition, the use of within subject variation and critical difference information may 

improve the use of laboratory data in clinical diagnosis (Costongs et al., 1985). Critical 

difference is the result of a calculation largely influenced by within subject variation and 

less influenced by analytical variation (Costongs et al., 1985). Calculating the critical 

difference is of relevance to the exercise physiologist, in order to establish whether the 

change in the measured blood parameter is of a true physiological difference (Fraser and 

Fogarty, 1989). Investigators may find themselves in a situation where the change between 

two blood samples is significant 'statistically' but the difference is not significant 

'physiologically'.

hi comparison to serum PRL concentration, less information is available concerning the 

circadian rhythm of Trp and even less so concerning f-Trp. As both PRL and f-Trp 

concentrations were selected as the two main markers of central fatigue in this thesis, these 

two metabolites were measured in ten subjects throughout a nine-hour period spanning 

from the morning until the afternoon.

Although information on the circadian rhythm of f-Trp is scarce, peak serum 

concentrations of Trp have been reported between 16:00 and 23:00 h (Candito et al., 1990; 

Dam et al., 1984). Regular meals eaten throughout the testing period may have contributed 

to the increased Trp concentrations in the blood. The variation in serum f-Trp 

concentration between 09:00 and 17:00 h without dietary intake is not known.
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Prolactin like all anterior pituitary hormones is secreted episodically, with a distinctive 24 

h pattern (Cooke, 1995). During the 24 h, approximately 14 bursts of secretion will be 

observed in the normal human subject (Van Cauter et al., 1981). Minimal levels of PRL 

secretion are observed around noon, whereas a major nocturnal peak begins around the 

onset of sleep and peaking in mid-sleep (Van Cauter et al., 1981). After the nocturnal 

increase, baseline values are usually attained 1 to 2 h (Parker et al., 1974) or 1 to 3 h after 

waking (Sassin et al., 1973). A lack of increase in PRL concentration at night if an 

individual was kept awake (Sassin et al., 1973) led to the conclusion that the nocturnal rise 

of PRL secretion was sleep-dependent. However, Van Cauter et al. (1981) and Wehr et al. 

(1993) have demonstrated that the nocturnal rise might in fact be dependent instead on a 

state of quiet rest, for example when the subject is not expecting to be disturbed and is 

expecting to fall asleep. During the day, PRL release continues to be episodic throughout, 

with increases regularly occurring at approximately 18:00 h and even at 13:00 h, which are 

unrelated to sleep (Sassin et al., 1973), although this was only based on one day. The 

authors suggested that these increases in secretion during the day might have been affected 

by the ingestion of food.

Research has concentrated less on the pattern of secretion of PRL and the serum 

concentrations of f-Trp throughout the morning and early afternoon period. During most 

research studies, this is the time when baseline fasted levels are most likely to be taken.

3.1.1 AIMS

In light of these observations, the aim of this chapter was to identify in fasted subjects the 

within subject variation of serum f-Trp and PRL concentration, i.e. calculate critical 

difference.
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3.2 METHODS

3.2.1 SUBJECTS

Ten apparently healthy male subjects [mean (± SD) age, mass and stature were 24 ± 3 

years, 80 ± 14 kg and 1.78 ± 0.10 m respectively] volunteered for the present study. 

Subjects abstained from exercise and ingesting alcohol or caffeine-containing drinks for 48 

h prior to visiting the laboratory. All subjects were non-smokers.

3.2.2 EXPERIMENTAL PROTOCOL

Subjects arrived at the laboratory at 08:00 h after a 10 h overnight fast and were instructed 

to wake at 07:00 h. At 08:30 h, an indwelling catheter was inserted into an antecubital vein 

while the subjects lay supine. Subjects remained in a supine position until the first blood 

sample was collected at 09:00 h. Blood was collected into serum separation tubes every 

hour on the hour until the last sample was taken at 17:00 h and 16:00 h in one subject. The 

cannula was kept patent by the infusion of 3 ml of physiological saline every 30 min. After 

each blood sample, subjects were given 2 ml.kg" 1 of water and permitted to sit up, stand, 

walk or stretch until 30 min before the next blood sample, where they were instructed to lie 

down, thus controlling for shifts in plasma volume concentration due to postural changes 

(Pronk, 1993). Activity in the laboratory was kept to a minimum to avoid any external 

factors affecting blood samples. Subjects were not permitted to eat throughout the day.

3.2.3 CALCULATION OF WITHIN SUBJECT 

VARIATION AND CRITICAL DIFFERENCE

Within subject variation

Total variation was calculated from the following formula based on the mean (± SD) blood 

f-Trp or PRL concentration over the course of the day:
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CVtotal (%) - SDxlOO 

Mean

To obtain the coefficient of within subject variation (CVW), the coefficient of analytical 

variation (CVa) was subtracted from the coefficient of total variation:

CVW (%) = CVtota| - CVa

The coefficient of analytical variation for f-Trp and PRL was 2.3% and 4.0% respectively 

(Chapter 2).

Critical Difference

The formula described by Costongs et al. (1985) was used to calculate critical difference 

(CD) from the coefficient of within subject and analytical variation:

CD (%) = K V(CVa2 + CVW2) 

where,
K = factor dependent on the probability level selected (2.77 at the P < 0.05 level) 

CVa = coefficient of analytical variation 

CVW = coefficient of within subject variation

3.2.4 STATISTICAL ANALYSES

A one-factor analysis of variance was used to test for differences across the hourly blood 

samples (nine in total). In the event of a main effect for time (across the nine blood 

samples), an a priori hypothesis of a statistical difference between three time-points was 

tested using a Bonferroni-corrected paired samples /-test. Significance for all two-tailed 

tests was established at an alpha level of P < 0.05, and data are expressed as means ± SD.
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3.3 RESULTS

A large variation in samples collected throughout the day was observed in most subjects. 

The mean CVtotai was 27.3% and 24.7% for serum f-Trp and PRL respectively. Values 

ranged from 13.7 to 38.6% for f-Trp and from 8.1 to 40.0% for PRL. CVa, CVW and 

critical difference are shown in table 3.1.

Table 3.1 Coefficient of analytical and within subject variation and critical difference for 
serum PRL and f-Trp concentration from nine samples (09:00 - 17:00 h)

Variable Prolactin Free tryptophan

Mean value over 8 hrs 123.6 ± 23.2 ulU.mr 1 7.2 ± 1.3 ^mol.L" 1

(Range) (1 00.0 - 1 78.5) (6.0 - 8.8)

CVa 4.0 2.3

CVW 20.7 ±10.8 25.0 ±8.7' w

fO
70)

Critical Difference 58.5 ± 29.1 69.6 ± 24.1

Values are means ± SD; CVa, coefficient of analytical variation; CVW, coefficient of 
within subject variation.

3.3.1 A PRIORI HYPOTHESES AND PHYSIOLOGICAL 

SIGNIFICANCE

There were no main effects for time (P = 0.07) in serum f-Trp concentration over the nine 

samples of blood taken throughout the day (figure 3.1).

A main effect for time (across the nine blood samples) was observed for mean serum PRL 

concentration (P < 0.05) (figure 3.2). Simple analysis in the form of a paired samples t-test 

was subsequently used to confirm the a priori hypothesis that 09:00 was different to 1 1 :00
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h (P < 0.05), that 09:00 was different to 13:00 h (P < 0.05), and that 13:00 was different to 

the 15:00 h sample (P < 0.05).
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Figure 3.1 Mean serum f-Trp concentration (nmol.L' 1 ) from 09:00 to 17:00 h. There was 
no main effect for time (P = 0.07).
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Figure 3.2 Mean serum prolactin concentration (ulU.ml" 1 ) from 09:00 to 17:00 h. A main 
effect for time was observed (P < 0.05). Simple analyses - * P < 0.05, 09:00 vs. 11:00, 
09:00 vj. 13:00, 13:00 vs. 15:00 h
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Although the a priori hypothesis can be accepted, that serum concentrations of PRL were 

lower at 11:00 and 13:00 h in comparison to 09:00 h (P < 0.05), and that values were 

higher at 15:00 h in comparison with those at 13:00 h (P < 0.05) they were not significant 

physiologically (table 3,2). In order to reach physiological significance they would need to 

differ by greater than 58.5%, however, the closest to this was the difference between 09:00 

and 13:00 h with a decrease of 44.1%,

Table 3.2 Results of simple analysis (paired samples /-test), percentage change and 
physiological significance following a main effect for time for serum prolactin

Serum prolactin Paired samples Mest Percentage change Physiological Sig.

Main effect for time

09:00 vs.

09:00 vs.

13:00 vs.

ll:00h

13:00 h

15:00 h

P =

P =

P =

0.000 SIG | 38.0%

0.000 SIG J.44.1%

0.0 13 SIG |28.0%

NFS

NFS

NFS

Bonferroni corrected paired samples Mest: SIG, significant at the P < 0.05 level 
(Bonferroni: P < 0.017). NFS, not physiologically significant
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3.4 DISCUSSION

Serum concentrations of f-Trp did not change statistically from 09:00 until 17:00 h in the 

present study, which was in contrast to Candito et al. (1990) who reported peak 

concentrations at 1600 and 2300 h. The study by Candito et al. (1990), differed in that 

subjects were allowed standardised meals throughout the day in comparison to the present 

study where no food intake was permitted. Also, comparisons cannot be made after 1700 

h, since blood sampling was ceased at this point in the present study.

There may be limitations to examining serum f-Trp concentrations in the fasted state, 

because of the relationship between f-Trp and plasma NEFA. In the post-absorptive phase 

or fasted period an elevation in the plasma concentration of NEFA would likely have 

occurred (Frayn, 1996). Chapter one discussed NEFA's higher affinity for its carrier 

plasma albumin and since Trp is carried via the same route in plasma, an increased NEFA 

concentration may have caused a progressive increase in the free portion of Trp in the 

blood throughout the day. However, f-Trp did not change over nine blood samples 

throughout the day despite the abstention from food in the present study.

Despite subjects awakening at 07:00 h and arriving at the laboratory at 08:00 h, serum PRL 

concentrations were continuing to decrease until at least 11:00 h (P < 0.05). This 

demonstrated that baseline values were not attained until at least 4 h after waking in the 

present study. This is a longer period than that indicated by others who reported baseline 

values by 1 - 3 h after waking (Parker et al., 1974; Sassin et al., 1973). Although values at 

13:00 h were also lower than those at 09:00 h, statistical analysis was not performed 

between 11:00 and 13:00 h to confirm that serum PRL did not decrease further. Serum 

PRL concentration was also higher at 17:00 in comparison to values at 13:00 h, indicating 

that serum PRL begins to increase after its lowest point of lOOuIU.L' 1 at 13:00 h. Sassin et 

al. (1973) reported peak values at 13:00 h whereas in the present study serum PRL 

concentration was at its lowest at 13:00 h. Serum PRL concentrations in the present study 

did not peak until at least 2 hours after the peak observed by Sassin et al. (1973). The 

authors suggested that the peaks in serum PRL concentration might be due to the food 

ingested in their study (Sassin et al, 1973), which may then explain why in the present
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study peak concentrations were not observed at the same time. One final important point 

of discussion is that although low and peak concentrations in serum PRL were reported 

throughout the day, these changes were not significant physiologically. Therefore it is 

unlikely that the statistical changes at 11:00, 13:00 and 17:00 in serum PRL concentration 

were true physiological changes.
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3.5 CONCLUSION

Based on statistical analysis only, there appeared to be a marked diurnal variation in serum 

PRL concentration, and all 10 subjects showed a similar variation. In comparison, there 

was no variation in serum f-Trp concentration throughout the day.

Given that PRL secretion was continuing to decrease at a high rate up until 11:00 h, may 

indicate the need to exercise caution when designing a study or interpreting results. For 

example, if the study design consists of more than one group of subjects then each group 

must be tested at exactly the same time of day.

Calculating the critical difference highlighted a potential problem with interpreting blood f- 

Trp and PRL results. In order to observe a true physiological change in the blood 

parameters measured, a change of 69.6% and 58.5% in serum f-Trp and PRL 

concentrations respectively would be required. This led to the statistical analyses in the 

present study indicating a significant change in serum PRL concentration but the high 

critical difference indicating a lack of physiological change. Although most other authors 

in the field of exercise physiology do not discuss this aspect whilst measuring physiological 

variables in their studies, the results from the present study indicate that we may need to 

consider within subject variation and critical difference when interpreting biochemical 

results in the future.



- CHAPTER 4 -

PROLONGED CYCLING AND HYPOXIA
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CHAPTER 4 - PROLONGED CYCLING AND HYPOXIA 

4.1 INTRODUCTION

Studies performed on patients with ischemic heart disease and healthy controls, 

demonstrated that at rest and during exercise, plasma noradrenaline concentration varied 

inversely with the oxygen saturation of mixed venous blood (Galbo, 1986). The 

catecholamine response to exercise has also been shown to be exaggerated in states of 

insulin deficiency such as fasting (Galbo et al., 1981). Hypoxic exercise can result in a 

50% decrease in plasma insulin levels (Sutton, 1977), and therefore plasma noradrenaline 

levels are likely to be increased significantly during exercise in hypoxia.

Elevated circulating catecholamines are thought to be responsible for the mobilisation of 

NEFA in the blood during both prolonged exercise and exercise in hypoxic groups (Von 

Euler and Hellner, 1955), and this was later confirmed when FFA release in hypoxic rats 

was increased by noradrenaline (Alpert, 1970). Elevating plasma NEFA concentrations as 

discussed in Chapter 1, may cause Trp to dissociate from its binding site on plasma 

albumin and increase the concentration of f-Trp. This in turn may increase the transport of 

Trp across the blood-brain barrier and increase the rate of brain 5-HT synthesis. This 

increased brain 5-HT activity may cause the subject to become lethargic and generally 

fatigued.

Since both hypoxia and prolonged exercise are known to increase plasma levels of 

noradrenaline, these increases should lead to an increased mobilisation of NEFA. The 

synergistic effect of hypoxia coupled with prolonged exercise should therefore result in 

increased plasma concentrations of f-Trp and therefore increased transport of f-Trp across 

the blood-brain barrier, leading to an increased rate of 5-HT synthesis in the brain.

Arterial FFA concentrations were increased during hypoxic (O2 :N2 mixture containing 10- 

13% O2) and normoxic exercise and 20 min into recovery following cycle ergometry for 40 

min at two different exercise intensities (300 and 600 kpm.min' 1 ), starting with the lowest 

intensity first (Jones et al., 1972). The arterial concentration of FFA in the hypoxic trial
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appeared to be higher throughout the two exercise intensities and 20 min into recovery 

with respect to values obtained during the normoxic trial (End of 300 kpm.min" 1 : -700 

umol.L" 1 (normoxia) vs. ~l 100 umol.L" 1 (hypoxia); End of 600 kpm.min" 1 : ~1100 umol.L" 1 

(normoxia) vs. -1300 umol.L" 1 (hypoxia); End of recovery: -1300 umol.L"1 (normoxia) vs. 

-2000 umol.L" (hypoxia)). However, this early study was only conducted on four 

subjects and one subject failed to complete the 40 min exercise at the higher intensity, 

therefore the significance of the results should be interpreted with caution due to the low 

subject number and lack of statistical power. Sutton (1977), on the other hand showed in 

eight male subjects, that plasma FFA concentrations were not only increased during 

hypoxia at rest but that this significance disappeared during 20 min exercise only to re 

appear during recovery. In fact, the post-exercise rise in the plasma concentration of FFA 

was sustained for 60 min and was two- to three-fold above basal levels (P < 0.001). In this 

study, the hypoxic environment was brought about with the subjects exercising in a 

hypobaric chamber, decompressed to a simulated altitude of 4,500 m (barometric pressure, 

442 mmHg; with the inspired fraction of oxygen kept constant). The results in this study 

show that 20 min exercise was not long enough to show the characteristic rise in NEFA 

seen in prolonged exercise. However, the considerable increase in plasma FFA 

concentration during recovery in the hypoxic group compared to the normoxic group 

indicated that a greater mobilisation of FFA had occurred during the hypoxic exercise 

(Sutton, 1977). This may have been due to an increased activity of the sympathetic 

nervous system in play during recovery as seen in a previous study by Korner and White 

(1966). The increase in plasma FFA concentrations found in the study by Sutton (1977) 

were similar to those found in the study by Jones et al. (1972) and further endorsed the 

noradrenaline-induced FFA increase found in hypoxic rats (Alpert, 1970). hi a more 

recent study carried out by our Hypoxia Research Unit, maximal exercise shortly after 

arriving at the Pang Pema base camp of Mount Kanchenjunga (5,100 m), resulted in an 

increased plasma concentration of NEFA in comparison to the same exercise at sea level 

(450 m) (Bailey et al., 2000). Values at base camp were 471.7 ± 275.8 umol.L" 1 at rest as 

opposed to 522.5 ± 183.1 umol.L" 1 immediately after maximal exercise (P < 0.05). These 

increases in the concentrations of plasma NEFA (Alpert et al., 1970; Jones et al., 1972; 

Sutton, 1977; Bailey et al., 2000) may also have led to an associated rise in the plasma f- 

Trp concentration since Trp is normally transported in the blood bound loosely to plasma 

albumin as discussed earlier and in Chapter 1. It is speculated that albumin's higher
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binding affinity for NEFA coupled with the increased plasma concentration of NEFA in 

these hypoxic subjects could have caused an increase in the rate of brain 5-HT synthesis.

4.L1 THE EFFECTS OF PROLONGED EXERCISE AND 

HYPOXIA ON INDIRECT MARKERS OF CENTRAL 

FATIGUE

Much of the earlier research, some of which is discussed above, examined the effects of 

hypoxia on variables such as the plasma concentrations of glucose, NEFA, insulin, 

catecholamines and cortisol in rats, dogs and humans (Alpert, 1970; Jones et al., 1972; 

Clancy et al., 1975; Sutton, 1977; Galbo, 1986; Kjsr et al., 1988). However, there is a 

paucity of literature looking specifically at the acute effects of hypoxic exercise on changes 

in brain serotoninergic activity or central fatigue. Measuring brain 5-HT directly in rats 

after acute exposure to hypoxia resulted in a decreased brain 5-HT synthesis (Davis et al., 

1973). Similarly, severe hypoxia in rats also caused a decreased brain 5-HT synthesis by 

approximately 30% (Prioux-Guyonneau et al., 1982).

Unfortunately in humans we must rely on more indirect markers for an indication of 

altered 5-HT synthesis in the brain. Although in humans the measurement of PRL in the 

venous circulation may provide the researcher with an indication of 5-HT synthesis within 

the brain (Bouissou et al., 1987; Struder et al., 1999), measuring only one indirect marker 

of central fatigue may not provide as much information as measuring all of the Indirect 

markers of central fatigue combined, such as the plasma concentrations of f-Trp, f- 

Trp:BCAA ratio, and PRL, as seen in the study by Struder et al. (1996a).

Bouissou et al. (1987) reported human serum PRL concentrations to be consistently lower 

when breathing a hypoxic gas mixture (FiO2 , 14.5%) compared with room air, at rest and 

during 5 min progressive cycling at 40 through to 100% FO2max . However, since the 

exercise duration was rather short (20 min), this does not reflect what may occur during 

exercise periods of two hours or longer. Struder et al. (1996a) on the other hand 

demonstrated that plasma PRL and noradrenaline concentrations increased during hypoxic 

exercise (FiO2, 14%) to levels greater than those found during normoxic exercise (P <
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0.01), after 60 min of cycle ergometry at an absolute workload in eight male cyclists. The 

increased plasma concentration of PRL may have been a result of an increased rate of brain 

5-HT synthesis. However, since no differences across the two groups (normoxia and 

hypoxia) were found in the plasma concentrations of FFA, f-Trp, BCAA and 5-HT, if the 

increased plasma concentration of PRL occurred as a result of increased serotoninergic 

activity in the brain, then the role of plasma f-Trp and 5-HT concentration in indicating 

brain 5-HT synthesis must be questioned. Worth noting is that plasma 5-HT was discussed 

previously as being an unreliable indicator of brain 5-HT activity (section 1.3.4.2.1). Also 

of interest is that the increased plasma noradrenaline concentration during the hypoxic 

exercise did not lead to a greater plasma FFA concentration in the hypoxic group, which is 

in disagreement with previous research (Von Euler and Hellner, 1955; Alpert, 1970). 

Passive hypoxia, as opposed to exercising in hypoxia on the other hand, does not appear to 

affect plasma PRL concentration based on nine healthy subjects breathing gas containing 

oxygen fractions of 14% and 21% for 105 min (Struder et al., 1999).

4.1.1.1 RELATIVE VS. ABSOLUTE WORKLOADS

Previous studies such as those of Jones et al. (1972), Sutton (1977) and Struder et al. 

(1996a) highlight a significant point. Their subjects exercised at the same absolute 

intensity in both normoxia and hypoxia. Sutton (1977) suggested that his subjects 

exercised at 30 to 50% of their FOimax in normoxia, and at 70 to 90% of their normoxic 

^O2max during the hypoxic group. This raises the question of whether hypoxia or the 

relative increase in exercise intensity is responsible for the change in the blood metabolites 

measured. Kja?r et al. (1988) demonstrated that the catecholamine response to acute 

hypoxic exercise hi groups with a different training status was related to the relative rather 

than to the absolute work output, and not due to the hypoxia per se. It is attempted to 

confirm this previous work by having in addition to one group exercising in normobaric 

normoxia, two groups of subjects exercising in a hypoxic group, one group at a relative 

and the other at an absolute exercise intensity.
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4.1.2 THE EFFECTS OF PROLONGED EXERCISE AND 

HYPOXIA ON COGNITIVE PERFORMANCE

Subjects who are acclimatised to high altitudes of up to 6,300 m have been found to 

perform well at cognitive tasks, with Bourdillon for example, completing The Times 

crossword puzzle in the 'Western Cwm" on the 1953 Everest expedition (Milledge, 1994). 

On the other hand, acute exposures to varying degrees of altitude yield more inconsistent 

results. Probably due to the type of test used and the degree of hypoxia experienced. The 

ability to learn new tasks was not impaired by mild hypoxia at altitudes of up to 3,658 m, 

where spatial orientation performance and serial choice reaction times improved over four 

presentation blocks (Paul and Fraser, 1994). In contrast, the effect of acute exposure on 

arithmetic performance at a simulated altitude of 3,600 m was deleterious, and error rate in 

a continuous calculation test, and reaction time in an addition-subtraction test increased 

after exposure for one hour (Wu et al., 1998). Finally, when four mountaineers were tested 

daily in the course of a five day short acclimation protocol, response tunes to a choice 

reaction time task did not differ between days during the acute stage of hypoxia up to an 

altitude of 7,000 m (Leifflen et al., 1997).

4.1.3 AIMS

The main aim of this study was to examine the independent and combined effects of 

physical exercise and normobaric hypoxia on the indirect markers of central fatigue, 

namely f-Trp, f-Trp:BCAA ratio, serum PRL, and cognitive performance. To dissociate 

the effects of hypoxia from exercise intensity on the measured variables, exercise in 

hypoxia was performed at a relative and absolute exercise intensity.

4.1.3.1 HYPOTHESES

[1] Indirect markers of serotoninergic activity are elevated more during prolonged 

exercise in normobaric hypoxia, in comparison with normobaric normoxia, and as a 

result cognitive performance will deteriorate.
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[2] Indirect markers of serotoninergic activity are elevated more during prolonged 

exercise at an absolute exercise intensity in normobaric hypoxia, in comparison 

with exercise at a relative exercise intensity in the same environment. As a result 
cognitive performance is expected to be worse after exercise at an absolute exercise 

intensity.
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4.2 METHODS 

4.2.1 SUBJECTS

Thirty apparently healthy male subjects [mean values (± 1 SD) for age, stature, body mass, 

and peak oxygen uptake were 21+2 years, 1.77 ± 0.05 m, 74.3 ± 10.3 kg, 47.6 ± 7.1 

ml.kg" .min" 1 respectively], gave informed consent for this study that had local ethical 

approval (Bro Taf Local Research Ethics Committee).

Subjects were non-smokers and had refrained from performing vigorous exercise and 

consuming alcohol and caffeine 48 h prior to the study.

In order to familiarise the subjects, they attended the laboratory one week prior to the 

initial tests to perform a FChmax test in normobaric normoxia.

4.2.2 EXPERIMENTAL PROTOCOL

4.2.2.1 NORMOBARIC HYPOXIC ENVIRONMENT

Subjects exercised inside a normobaric chamber (Hypoxico Systems, UK) for both the 

normobaric normoxic and normobaric hypoxic exercise protocols, and F\O2 was altered via 

the operation of 5 molecular sieves. The control of the chamber is described in more detail 

in Chapter 2. The gas analyser inside the chamber was covered so that only the 

investigator inside the tent with the subject could see the FjOi, and the COi in the subject's 

expired air was vented out of the chamber via a 2-way valve and flexible tubing. The 

chamber was maintained at a temperature of 21 ± 2°C and a relative humidity of 65 ± 3%. 

A dehumidifier (Amcor TC100, Amcor (Appliances) Ltd., Brentford, UK) was used to aid 

the control of humidity inside the chamber.



Chapter 4 - Prolonged cycling and hvpoxja ________ _____________________ page 89

4.2.2.2 DETERMINATION OF MAXIMAL OXYGEN UPTAKE

On presentation to the laboratory, the subject's mass, height and skinfold measurements 

were taken. Subjects fasted for 10 h before the two initial incremental exercise tests 

outlined below. Subjects were randomly assigned in a single-blind manner to perform an 

incremental VQtmax. test to volitional exhaustion on a friction braked cycle ergometer 

(Monark 8148, Monark Ltd., Varberg, Sweden) in both normobaric normoxia (F\O2 = 

0.21) and normobaric hypoxia (F^ = 0.16). Subjects were exercised initially for 5 min at 

0.5 kg at a cadence of 80 revolutions per minute. A 0.4 kg load was applied every 2 min 

thereafter until volitional fatigue. It took one week to complete all of the subjects' first 

exercise tests, and the second bout of testing occurred one week after the first. The elapsed 

time was also more than sufficient to ensure that subjects were fully recovered from the 

previous week's test. It has been shown in our laboratory that a 48 h period of recovery is 

adequate to ensure full recovery (D. M. Bailey, 2001, unpublished observations).

Oxygen uptake, heart rate, arterial oxygen saturation rate, Borg's rating of perceived 

exertion (RPE), and workload were recorded at the end of each stage and at the time of 

exhaustion as outlined in chapter two. Whole blood lactate, haemoglobin and packed cell 

volume concentration, also outlined in Chapter 2 were measured immediately before and 

after the incremental test, whilst the subject remained seated on the cycle ergometer. 

Obtaining these measures whilst the subject remained seated, avoided any irregularities hi 

the calculation of plasma volume due to postural changes (Pronk, 1993). FO2max was said 

to have been achieved if whole blood lactate concentration was greater than 9 mmol.L"1 

and heart rate was within 10 b.min" 1 of the age-predicted maximum, [220 (b.min' 1 ) - 

age(years)].
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4.2.2.3 DETERMINATION OF CYCLING INTENSITY FOR THE 

2 H PROTOCOL

A regression equation relating to the relationship between the subjects' heart rate and 

absolute VO2max was used to calculate the heart rate corresponding to 55% of the absolute 

F02max :

(HR vs. FO2) y = 30.938x + 87.264

where, y = heart rate (b.min" 1 )

x = 55% of FO2max, e.g. 1.89 L.min"1

therefore, heart rate at 55% of FO2max = 30.938 (1.89) + 87.264

= 146 b.min' 1

Heart rate was then plotted against workload, and the workload corresponding to the heart 

rate at 55% of FO2max was calculated:

(HR vs. WL) y = 0.0369x - 3.9696

where, y = workload (kg)

x = heart rate at 55% of FO2max

therefore, workload at a heart rate corresponding to 55% of FO2max

= 0.0369 (146)-3.9696 

-1.4kg

4.2.2.4 PROLONGED CYCLING (2 H) AT 55% FO2MAX

No less than one week after the exercise testing to volitional exhaustion, the subject 

returned to the laboratory for the 2 h bout of cycling at 80 revolutions per minute.
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4.2.3 DIETARY CONTROL

Subjects were given a diet sheet to complete the week prior to the 2 h exercise protocol 

(Appendix II). This was then handed in on their final visit to the laboratory. Subjects 

presented to the laboratory having fasted for 10 h. Their last meal the evening before was 

a standardised meal replacement drink (Brinta Wake Up Cereal Drink, Retail Brands Ltd., 

London, UK). Drinks were mixed according to the packet instructions based on a 75 kg 

person (24 g packet and 200 ml milk). Therefore 0.32 g of the powdered sachet and 2.7 ml 

of skimmed milk per kg of body mass was allowed. The energy and nutrient values per 

100 g are outlined in table 4.1.

Table 4.1 The energy and nutrient value of the standardised meal replacement drink 
consumed 10 h before testing

Nutrient/Energy

Energy value

Carbohydrates
- sugars

- starch

Protein

Fat

- saturated
Fibre

Sodium

Amount

1480kJ

355 kcal
79.2 g

39.2 g
40.0 g

5.4 g

1-1 g

0.3 g
6.0 g

0.01 g
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4.2.4 PHYSIOLOGICAL PARAMETERS

4.2.4.1 VENOUS BLOOD COLLECTION AND ANALYSES

While lying in a supine position, a forearm vein in the subject's arm was cannulated 

according to the method outlined in Chapter 2. The cannula was immediately flushed and 

kept patent by infusing 5 ml of sterile physiological saline (Norton Steri-amp Sodium 

Chloride for injection, 0.9% w/v, Steripak Ltd., Cheshire, UK) coupled with 0.1 ml of 

sterile heparin sodium. This mixture has been shown not to affect lipolysis and at the same 

time keeping the cannula patent and free from clotting (personal communication, Dr. John 

Leiper, University of Aberdeen, UK). Subjects then sat up in a seated position and 30 min 

elapsed before the baseline blood samples were taken. After the initial flushing, the 

cannula was again flushed at 30 min intervals.

Blood was taken from the antecubital vein at 0 min (baseline), half-way through exercise 

and post exercise (60 and 120 min), and 30 min and 2 h into recovery (150 and 240 min). 

During baseline and recovery samples, subjects were seated as they were on the bike to 

allow for plasma volume shifts due to postural changes (Pronk, 1993). Venous blood was 

corrected for a change in plasma volume according to the methods established by Dill and 

Costill (1974).

4.2.4.2 CAPILLARY BLOOD COLLECTION

Whole blood lactate, Hb and PCV were collected and analysed as outlined in chapter two.

4.2.5 HYDRA TION DURING THE 2 H PROTOCOL

Subjects were given a standardised volume of water after each blood sample was taken to 

attempt to alleviate plasma volume loss from both blood collection and prolonged physical 

exercise. This amounted to 500 ml after the first baseline sample was taken and then 50 ml 

after each subsequent blood sample thereafter.
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4.2.6 STROOP COLOUR WORD TEST

Subjects were familiarised with the Stroop colour word test (Stroop, 1935) prior to the first 

baseline measurement. The test consisted of 3 sections (Figure 4.1) where the subject was 

given 45 s to complete each section. The first section composed of 80 words (red, green, 

blue, black and yellow) written in black ink on white paper. The subject was instructed to 

read from left to right along each row starting at the top left. Answers were recorded on a 

tape recorder and analysed later. The second section composed of 80 blocks (1 x 2.5 cm) 

of colours (the same as before), and the subject again read out the colours that they saw. 

The third section was considered 'incongruent' to the natural response in that the 80 words 

were written in colours different to the colour word meaning. The subject was required to 

read out the colour of the word only (for example yellow written in green ink, correct 

response - green).

Section 1

RED GREEN BLUE BLACK YELLOW

Section 2

Section 3

YELLOW BLUE GREEN BLACK RED

Figure 4.1 The first 5 words/colour blocks in the Stroop colour word test for each of the 3 
sections

Although subjects completed all three sections of the test, the third and final section of the 

Stroop colour-word test was chosen in this study as a measure of cognitive performance. 

This final 'interference' task requires that the subject is very attentive and stays motivated 

throughout, while continuing to maintain accuracy and speed, since the answers are said to 

be incongruent to the natural response of the subject.
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The Stroop colour-word test was also chosen since it is considered by many to be simple to 

use and very reliable (Santos and Montgomery, 1962; Jensen, 1965; Smith and Nyman, 

1974; Schubo and Hentschel, 1977), and although subjects have been known to improve 

their performance on the test this has only occurred with extensive practice, generally 

occurring over a period of hours to days, if at all (MacLeod, 1991).

4.2.7 STATISTICAL ANALYSES

Analysis of descriptive data (Table 4.2) and dietary analyses (Table 4.4) was carried out 

using a one-factor analysis of variance with an a posteriori Tukey honestly significant 

difference test to further examine unplanned comparisons between groups.

A two-factor mixed analysis of variance was used to examine differences between and 

within groups for the data obtained from the FOimax tests (Table 4.3), and physiological 

data obtained at each tune-point during the 2 h cycling protocol (Figures 4.2 - 4.14). 

Mauchly's test of sphericity was selected in order to ascertain if data was homogenous or 

not. And significant main effects were further investigated using paired samples /-tests 

(Bonferroni corrected) or a one-way analysis of variance with an a posteriori Tukey 

honestly significant difference test. Significance levels for comparisons were set at P < 

0.05, and means are displayed ± SD.
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4.3 RESULTS

4.3.1 PHYSIOLOGICAL PARAMETERS

Following the FO2max tests in both normobaric normoxia and normobaric hypoxia, subjects 

were matched according to their normoxic FCbmax- The descriptive data are shown in table 

4.2. Statistical analyses confirmed that there were no main effects for group for each 

variable listed.

Table 4.2 Descriptive data for the three groups

Variable

Age (years)

Body mass (kg)

Stature (m)

Body fat (%)

Normoxia 

(n=10)

21 ±1

75.8113.0

1.7710.06

17.414.6

Hypoxia (relative) 

(n=10)

21 11

72.4 1 7.9

1.7410.04

15.0114.8

Hypoxia (absolute) 
(n=10)

2212

73.319.6

1 .79 1 0.04

15.815.1

Values are means ± SD. There were no main effects for group for all variables.

Results from the maximal exercise tests performed in normobaric normoxia and 

normobaric hypoxia are shown in table 4.3. There were no main effects for group 

(normoxia vs. hypoxia(rel) vs. hypoxia(abs)). A main effect for test (normoxia vs. hypoxia 

test) was observed for FO2max values in all three groups (P < 0.05). No interactions (test x 

group) were present.



Table 4.3 Physiological data for each group during the maximal cycle 
carried out in normobaric normoxia and normobaric hypoxia
Variable

^02max

(L.mnV 1 )

Maximal

heart rate

(b.min" 1 )

Maximal

[La] B
(mmol.L" 1 )

VO2mn test
performed in

normoxia/hypoxia

Normoxia

Hypoxia

Normoxia

Hypoxia

Normoxia

Hypoxia

Normoxia

(n=10)

3.51 ±0.48*

2.11 ±0.50

192 ±7

192 ±8

6.4 ± 2.2

7.1 ±2.6

Hypoxia

(relative)

(n=10)

3.47 ± 0.42*

2.15 ±0.41

Main effect for test

199 ± 12

192 ±11

8.7 ±2.2

8.2 ±1.7

ergometer tests

Hypoxia

(absolute)

(n=10)

3.50 ± 0.47*

2.31 ±0.69

195 ±7

195 ±6

7.6 ± 2.4

8.1 ±1.6

Values are means ± SD; FChmax, absolute maximal Oa uptake; [La"]s, whole blood lactate 
concentration; there were no main effects for group; * P < 0.05 vs. hypoxic test.

Statistical analysis of the weekly diet diaries, confirmed that dietary intake was no different 

across the three groups.

Table 4.4 Dietary analyses
Variable

Energy 
(kilocalories)
Carbohydrates 
(%\(/o) 
Total fat
(%) 
Saturated fat
(%) 
Protein
(%) 
Fibre 
(g)

Normoxia Hypoxia (relative) Hypoxia (absolute) 
(n=10) (n=10) (n=10)

201 8 ± 456 2092 ± 378 2040 ± 277

51.7±4 51.6±5.2 52.1 ±4.7

32.2 ±3.8 33.3 ±5.1 32.6 ±3.5

11.8 ±2.1 12.1 ±3.0 12.7 ±2.2

16.0 ±3.0 15.0 ±2.0 15.3 ±2.7

14.3 ±6.4 17.4 ±3.0 15.0 ±2.6

Values are means ± SD. There were no main effects for group for caloric intake and 
macronutrient composition.
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Figures 4.2 to Figure 4.5 depict heart rate, Borg's rating of perceived exertion, arterial 

oxygen haemoglobin saturation and oxygen uptake over the 2 h cycling protocol in 

normobaric normoxia (Norm), normobaric hypoxia (HYP(rel)) at the same relative 

exercise intensity and normobaric hypoxia (HYP(abs)) at the same absolute exercise 

intensity. Heart rate (Figure 4.2) increased steadily over the 2 h (P < 0.05) in all three 

groups and heart rates during both the Norm and HYP(rel) groups were significantly lower 

than that during HYP(abs) (P < 0.05). Borg's rating of perceived exertion not unlike heart 

rate increased steadily over the 2 h cycling (P < 0.05) (Figure 4.3). Ratings of perceived 

exertion during the HYP(rel) were lower than the ratings during the Norm and HYP(abs) 

groups (P < 0.05). Arterial oxygen haemoglobin saturation did not vary with time in any 

of the groups (Figure 4.4). Values were higher during the Norm group in comparison to 

the HYP(rel) and HYP(abs) groups (P < 0.05). Oxygen uptake was higher during the 

Norm group than the HYP(rel) group (P < 0.05), and increased slightly with time (P < 

0.05) (Figure 4.5). There were no interactions for group and duration in these variables 

measured.

200 -, 

180 

160 

~ 140

•| 120
JD«" 100 ^
s
I 80 -
u

60 

40 

20 -

1.1.J..UJ-U-14,
' ~~* ........... ^.-.-S'^--

.'.(\ *

0 10 20 30 40 50 60 70 80 90 100 110 120

Time (min)

Figure 4.2 Heart rate (b.min' 1 ) during the 2 h cycling protocol in all 3 groups; Norm, 
normobaric normoxia; Hyp(rel), normobaric hypoxia at a relative intensity; Hyp(abs), 
normobaric hypoxia at an absolute intensity; a main effect for group and time was present 
(P < 0.05); * P < 0.05 vs. Norm and Hyp(rel).
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Figure 4.3 Borg's RPE (arbitrary units) during the 2 h cycling protocol in all 3 groups; 
Norm, normobaric normoxia; Hyp(rel), nonnobaric hypoxia at a relative intensity; 
Hyp(abs), normobaric hypoxia at an absolute intensity; a main effect for group and time 
was present (P < 0.05); * P < 0.05 vs. Norm and Hyp(abs).
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Figure 4.4 SaO2 (%) during the 2 h cycling protocol in all 3 groups; Norm, normobaric 
normoxia; Hyp(rel), normobaric hypoxia at a relative intensity; Hyp(abs), normobaric 
hypoxia at an absolute intensity; a main effect for group was present (P < 0.05); * P < 0.05 
vs. Hyp(rel) and Hyp(abs).
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Figure 4.5 Oxygen uptake (L.min" 1 ) during the 2 h cycling protocol in all 3 groups; Norm, 
normobaric normoxia; Hyp(rel), normobaric hypoxia at a relative intensity; Hyp(abs), 
normobaric hypoxia at an absolute intensity; a main effect for group and time was present 
(P < 0.05); * P < 0.05 vs. Hyp(rel).
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4.3.2 BLOOD METABOLITES AND STROOP 

INTERFERENCE PERFORMANCE

Initial analysis of plasma f-Trp indicated a main effect for group and time, with no 

interaction effect. Simple analysis of the data, demonstrated that plasma f-Trp 

concentration was lower in the Hyp(abs) group with respect to the Hyp(rel) group at rest 

and at 60 min into exercise (P < 0.05). Further analysis also identified that in the Hyp(abs) 

group alone, values were higher at 60 and 120 min with respect to rest (P < 0.05) (Figure 

4.6).
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Figure 4.6 Plasma concentrations of f-Trp during the 2 h cycling protocol in all 3 groups; 
f-Trp, free tryptophan; Norm, normobaric normoxia; Hyp(rel), normobaric hypoxia at a 
relative intensity; Hyp(abs), normobaric hypoxia at an absolute intensity; main effects for 
group, * P < 0.05: at 0 min Hyp(abs) vs. Hyp(rel); at 60 min Hyp(abs) vs. Hyp(rel); main 
effects for time, $ P < 0.05: Hyp(abs) - 0 vs. 120 min; Hyp(abs) - 60 vs. 120 min.
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Serum PRL concentrations did not differ between groups (Figure 4.7). Initial analysis 

indicated a main effect for time (P < 0.05) however, further analysis did not show any 

significant difference over time. When time was pooled (mean of 3 groups at each time- 

point), significant differences over time were demonstrated, with values at 1 h into exercise 

being significantly lower than at rest (P < 0.05). Concentrations rose steadily, to values 

greater at 30 min into recovery compared with 1 h into exercise (P < 0.05). Serum PRL 

then decreased by 2 h post exercise in comparison with concentrations at 30 min post 
exercise (P < 0.05).
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Figure 4.7 Serum concentrations of PRL during the 2 h cycling protocol and 2 h into 
recovery in all 3 groups; PRL, prolactin; Norm, normobaric normoxia; Hyp(rel), 
normobaric hypoxia at a relative intensity; Hyp(abs), normobaric hypoxia at an absolute 
intensity; main effects for time, s P < 0.05: mean of 3 groups - 0 vs. 60 min; 60 vs. 150 
min; 150 vs. 240 min.
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The change in f-Trp:BCAA ratio was similar to that of plasma f-Trp (Figure 4.8). Initial 

analysis indicated a main effect for both group and time (P < 0.05) with no interaction 

effects. The ratio of f-Trp:BCAA was lower in the Hyp(abs) group with respect to the 

Hyp(rel) groups at rest and 60 min into exercise (P < 0.05). Ratios were greater at the end 

of the 2 h bout of exercise with respect to rest in both the Hyp(rel) and Hyp(abs) group (P 

< 0.05).
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Figure 4.8 Plasma f-Trp:BCAA ratio during the 2 h cycling protocol in all 3 groups; f- 
Trp, free tryptophan; BCAA, branched chain amino acid; Norm, normobaric normoxia; 
Hyp(rel), normobaric hypoxia at a relative intensity; Hyp(abs), normobaric hypoxia at an 
absolute intensity; main effects for group, * P < 0.05: at 0 min Hyp(abs) vs. Hyp(rel); at 60 
min Hyp(abs) vs. Hyp(rel); main effects for time, $ P < 0.05: Hyp(abs) - 0 vs. 120 min; 
Hyp(rel) - 0 vs. 120 min.
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Plasma NEFA concentrations did not differ between groups (Figure 4.9), but varied with 

time. Values at the end of exercise, 30 min and 2 h into recovery were higher than at rest 

in all three groups (P < 0.05). Concentrations were higher at the end of exercise compared 
with 60 min into exercise in the Hyp(rel) and Norm groups only (P < 0.05). Plasma NEFA 
concentrations were higher throughout the recovery period with respect to the 60 min 
values in all three groups (P < 0.05). Plasma NEFA concentrations were no different at the 

end of recovery with respect to concentrations at the end of exercise in the Norm and 

Hyp(rel) groups, however, plasma NEFA concentration continued to increase into recovery 

above levels measured at the end of exercise in the Hyp(abs) group (P < 0.05).
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Figure 4.9 Plasma concentrations of NEFA during the 2 h cycling protocol and 2 h into 
recovery in all 3 groups; NEFA, non-esterified fatty acids; Norm, normobaric normoxia; 
Hyp(rel), normobaric hypoxia at a relative intensity; Hyp(abs), normobaric hypoxia at an 
absolute intensity; main effects for time, $ P < 0.05: Hyp(abs), Hyp(rel), Norm - 0 vs. 120 
min; 0 vs. 150 min; 0 vs. 240 min; 60 vs. 150 min; 60 vs. 240 min; Hyp(abs) - 120 vs. 240 
min; Hyp(rel), Norm - 60 vs. 120 min.
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Plasma BCAA concentrations did not differ between groups (Figure 4.10), but a main 

effect for time was present. Further analysis did not demonstrate any significance over 
time, therefore the mean of three groups instead was analysed over time. Plasma BCAA 

concentrations were lower at 60 and 120 min into exercise with respect to rest (P < 0.05). 
Plasma BCAA concentrations increased 30 min into recovery in comparison with 60 and 
120 min of exercise (P < 0.05). Values were also higher at 2 h post exercise with respect 

to the end of exercise (P < 0.05).
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Figure 4.10 Plasma concentrations of BCAA during the 2 h cycling protocol and 2 h into 
recovery in all 3 groups; BCAA, branched chain amino acids; Norm, normobaric 
normoxia; Hyp(rel), normobaric hypoxia at a relative intensity; Hyp(abs), normobaric 
hypoxia at an absolute intensity; main effects for time, $ P < 0.05: mean of 3 groups - 0 vs. 
60 min; 0 vs. 120 min; 60 vs. 150 min; 120 vs. 150 min; 120 vs. 240 min.
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The number of correct responses during the third task of the Stroop colour-word test was 

higher in the Hyp(abs) group at 60 min compared with the Hyp(rel) group at this same 

time-point (P < 0.05) (Figure 4.11). No other differences between groups were identified. 

The initial analyses indicated a main effect for time but further analysis did not show this. 

The mean number of correct responses for the three groups improved immediately post 

exercise with respect to rest, and were also higher at the end of recovery compared to rest 

(P < 0.05).
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Figure 4.11 Number of correct responses during the Stroop colour-word task before and 
at the end of the 2 h cycling protocol and 2 h into recovery in all 3 groups; Norm, 
normobaric normoxia; Hyp(rel), normobaric hypoxia at a relative intensity; Hyp(abs), 
normobaric hypoxia at an absolute intensity; main effects for group, * P < 0.05: at 120 min 
Hyp(abs) vs. Hyp(rel); main effects for time, $ P < 0.05: mean of 3 groups - 0 vs. 120 min; 
0 vs. 240 min.
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Main effects for group and time were observed for plasma NA concentration (P < 0.05) 
(Figure 4.12). At rest, plasma NA was greater in the Norm group compared with the 

Hyp(rel) group (P < 0.05); and at both 60 and 120 min during exercise values were greater 
during the Norm and Hyp(abs) groups with respect to the Hyp(rel) group (P < 0.05). 
Plasma NA concentration increased at 60 min with respect to rest in the Hyp(abs) group, 
and was also higher at the end of exercise compared with rest in the Norm group (P < 

0.05).
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Figure 4.12 Plasma concentrations of NA during the 2 h cycling protocol in all 3 groups; 
NA, noradrenaline; Norm, normobaric normoxia; Hyp(rel), normobaric hypoxia at a 
relative intensity; Hyp(abs), normobaric hypoxia at an absolute intensity; main effects for 
group * P < 0 05- at 0 min Norm vs. Hyp(rel), 60 min Norm vs. Hyp(rel), Hyp(abs) vs.
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0.05: Hyp(abs) - 0 vs. 60 min; Norm - 0 vs. 120 min.
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Plasma adrenaline concentrations did not differ between groups (Figure 4.13), although 

there was a main effect for time and interaction (group x time). Plasma adrenaline 

concentration was greater at 60 min with respect to rest in the Norm group only (P - 0.05).
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Figure 4.13 Plasma concentrations of A during the 2 h cycling protocol in all 3 groups; A, 
adrenaline; Norm, normobaric normoxia; Hyp(rel), normobaric hypoxia at a relative 
intensity; Hyp(abs), normobaric hypoxia at an absolute intensity; main effects for time, P 
= 0.05: Norm - 0 vs. 60 min.
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Whole blood lactate concentrations were higher in the Hyp(abs) group in comparison to 

the Norm and Hyp(rel) groups at 60 min (P < 0.05) (Figure 4.14). There were no main 

effects for time.

Time (min)

Figure 4.14 Whole blood lactate concentration during the 2 h cycling protocol in all 3 
groups; Norm, normobaric normoxia; Hyp(rel), normobaric hypoxia at a relative intensity; 
Hyp(abs), normobaric hypoxia at an absolute intensity; main effects for group, P < 0.05: 
at 0 min Hyp(abs) vs. Hyp(rel), Hyp(abs) vs. Norm.
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4.4 DISCUSSION

The main finding of this study was that the plasma f-Trp concentration was increased 60 

min into exercise, and immediately post exercise with respect to rest in the Hyp(abs) group 

only. This significant change was not observed in the other groups. The concentration of 

f-Trp in the Hyp(rel) group was increased above levels seen in the Hyp(abs) groups at rest 

and this difference persisted 60 min into exercise. But by the end of exercise this 

difference was no longer apparent, mainly due to concentrations in the Hyp(abs) group 

increasing with time and those in the Hyp(rel) group remaining unchanged statistically. 

Another important finding is that the main effect for group observed in the analysis of f- 

Trp was also observed in the plasma ratio of f-Trp:BCAA. The plasma ratio of f- 

Trp:BCAA was greater in the Hyp(rel) group compared with the Hyp(abs) group both at 

rest and 60 min into exercise, but this difference was no longer apparent at the end of 

exercise. The ratio was also increased with respect to rest at the end of exercise in the both 

the Hyp(abs) and Hyp(rel) groups, indicating an increased transport of f-Trp across the 

blood-brain barrier. Serum PRL concentrations however, did not vary between groups, 

and mean serum PRL concentration only, varied over time. The mean PRL concentration 

from the three groups pooled together, decreased at 60 min into exercise, before increasing 

to its maximum 30 min after the cessation of exercise. If an increased transport of f-Trp 

into the brain had occurred at the end of exercise, then a concomitant increase in the serum 

concentration of PRL should also have occurred in the Hyp(abs) and Hyp(rel) groups at the 

same time. However, this did not occur and only the pooled means showed a change over 

time, with an increased serum PRL concentration not occurring until 30 min after the 

cessation of exercise. In addition, cognitive performance did not endorse the possible 

increased f-Trp transport into the brain occurring in the Hyp(abs) and Hyp(rel) groups, 

since cognitive performance in all three groups improved immediately after exercise.

Plasma f-Trp concentrations were also found to be increased at the end of 60 min cycling 

exercise in the study by Struder et al. (1996a) but this occurred in the groups exercising in 

both normoxia and hypoxia at an absolute workload. No significant change in f-Trp 

occurred within the Norm group in the present study. Also in contrast to the present study, 

Struder and co-workers (1996a) found PRL to be increased above those levels measured 

during normoxia in their subjects exercising in hypoxia at an absolute workload, and
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concentrations remained elevated 30 min into recovery. Mean serum PRL concentration in 

the present study however, was found to decrease after 60 min of cycling when all three 

groups were pooled before increasing once more and peaking at 30 min post exercise. It 
may be possible that the apparent increase in mean PRL concentration (averaged across all 

3 groups) may have also have occurred at time-point 120 min but the large variability 
between subjects (indicated by the high standard deviations) may have caused this increase 
to be missed. The initial decrease between baseline and 60 min of exercise in the present 
study may have occurred due to the circadian rhythm of serum PRL. For example, 
baseline blood samples were taken from the subjects at 0830 h, when serum PRL 
concentrations were shown from Chapter 3 to be decreasing after its nocturnal rise. This 

may therefore explain why the 60 min sample was decreased in the present study and a 
significant increase in the metabolite was not detected until 30 min after the cessation of 
exercise, i.e. later on in the morning.

The increase in the plasma f-Trp:BCAA ratio over time in the Hyp(abs) and Hyp(rel) 
groups in the present study may have led to an increased transport of f-Trp into the brain. 
This may have therefore led to an increased rate of brain serotoninergic activity in these 
exercising subjects. However, serum PRL which is considered in this thesis to be an 
indirect marker of serotoninergic activity did not differ significantly between groups, 
which does not support the increased plasma f-Trp :BCAA ratio in the Hyp(abs) and 
Hyp(rel) groups only. Serum PRL concentration however, differed over time and reached 
significance at 30 min post exercise in all three groups. Since f-Trp was not measured 30 
min post exercise, it cannot be ruled out that the plasma ratio of f-Trp:BCAA did not 
increase further and peaked after exercise in all three groups, which could have led to the 
increased serum PRL concentration 30 min post exercise.

Based on the plasma ratio of f-Trp:BCAA increasing over time in the Hyp(abs) and 
Hyp(rel) groups and this corresponding to a possible increase in the rate of brain 5-HT 
synthesis, cognitive performance would also have been expected to deteriorate 
immediately after exercise. However, two hours of cycle ergometry exercise in 
normobaric noraioxia and normobaric hypoxia at absolute and relative exercise intensities 

improved cognitive performance over time, and performance was better in the Hyp(abs) 
group with respect to the Hyp(rel) group at the end of exercise. The inability of moderate



Chapter 4 - Prolonged cycling and hypoxia___________________________ Page 111

and prolonged exercise under mild hypoxia to affect cognitive performance negatively in 

the present study is in agreement with the previous work of Paul and Fraser (1994), and 

Leifflen et al. (1997), where mild hypoxia and altitudes of up to 7,000 m did not impair 

cognitive performance. Passive exposure to mild hypoxia (3,600 m) for an hour on the 

other hand was sufficient to cause an increase in the error rate and reaction time to a series 

of arithmetic tests in 16 healthy young males in comparison with an altitude of 300 m (Wu 

et al., 1998). The inability for an increased plasma ratio of f-Trp:BCAA to deteriorate 

cognitive performance in the present study may have been due to more than one factor. 

For example, the improvement of cognitive performance over time may have indicated a 

practice effect, since cognitive performance continued to improve in all three groups, 

despite an increased plasma f-Trp:BCAA ratio. Subjects however, were familiarised 

adequately before testing and only extensive practice, generally occurring over a period of 

hours to days should improve performance (MacLeod, 1991). Another possible 

explanation could be that the Stroop colour-word test is not an adequate measure of 

'fatigue' originating within the brain. Authors have been unable to prove categorically that 

changes in plasma f-Trp:BCAA ratios are accompanied by similar changes in cognitive 

performance as measured with the Stroop colour-word test (Blomstrand et al., 199la; 

1997, Hassmen eta!., 1994).

Plasma NEFA concentrations had increased by the end of exercise and remained elevated 

throughout recovery in all three groups. Concentrations of NEFA however, increased 

further after 2 h of recovery with respect to the end of exercise in the Hyp(abs) group. 

These latter findings during recovery were similar to those in the study by Sutton (1977). 

Sutton (1977) found that during recovery, plasma FFA concentrations became significantly 

higher in the hypoxic group who had exercised for 20 min at an absolute intensity in 

comparison with the normoxic group within 40 min after exercise. However, this similar 

increase in FFA was not observed in the study by Striider et al. (1996a), where plasma 

FFA concentrations increased slightly over 60 min of the cycling exercise in the normoxic 

group only. The increased plasma NEFA concentration during exercise in all three groups 

of the present study may have displaced Trp from its binding sites on plasma albumin, thus 

leading to an increased plasma f-Trp concentration. However, plasma NEFA increased in 

all three groups during exercise but f-Trp increased only in the Hyp(abs) group during 

exercise. This may have been due possibly to an elevated total Trp concentration in the
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Hyp(abs) group only. Total Trp was not measured in the present study, but has been 
shown to increase with exercise in trained and untrained rats (Acworth et al., 1986) and 

humans (Striider et al., 1996b). The same increase therefore, in the plasma NEFA 
concentration in all three groups coupled with a possible increase in total Trp in the 

Hyp(abs) group only, might have displaced more Trp from the binding sites on plasma 
albumin in the Hyp(abs) group, therefore leading to a greater increase of f-Trp in the 
Hyp(abs) group.

The increased plasma NEFA concentration during exercise in all three groups of the 
present study could not be attributed solely to an increased plasma NA concentration. 
Plasma NA did not differ significantly over the course of exercise in the Hyp(rel) group, 
yet plasma NEFA concentration increased between rest and the end of exercise in this 
same group. This suggests that the sympathetic nervous system, mediated via NA release 
did not play a significant role hi increasing NEFA mobilisation during prolonged exercise 
hi hypoxia at a relative exercise intensity. Plasma NA concentrations were significantly 
higher in the Norm group with respect to the Hyp(rel) group throughout rest until the end 
of exercise. However, concentrations in the Hyp(abs) group became significantly higher 
than those in the Hyp(rel) group at 60 min and immediately post exercise, indicating 
increased noradrenergic sympathetic nervous activity in the Hyp(abs) group. The 
increased NA in the present study may have played a role in leading to the increased 
plasma NEFA concentration in the Hyp(abs) group 2 h into recovery, which was not seen 
hi any of the other groups. An increased plasma concentration of NA over the 60 min 
exercise in hypoxia at an absolute intensity was also found hi the study by Striider et al. 
(1996a), but, this did not cause a corresponding increase in plasma FFA hi this same group. 
Plasma A concentrations on the other hand, did not increase as a function of the prolonged 

cycling in hypoxia at absolute and relative exercise intensities, but increased slightly at 60 
min and returned to basal levels by the end of exercise in the Norm group only. Striider et 
al. (1996a), on the other hand did observe a significant increase in plasma A concentration 
after 60 min of continuous cycling in normobaric hypoxia at an absolute exercise intensity. 

It was found by Bouissou et al. (1987), that the catecholamine response to 1 h of cycling 
exercise was similar in both groups of normoxia and hypoxia (performed at a similar 

relative intensity to the normoxic group). The increased simulated altitude in their study 

equated to 3,000 m, again some 800 m greater than that estimated in the present study, and
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their subjects performed for only half the duration as those in the present study. Other 

studies have also shown that exposure to hypoxia has not resulted in a change in 

sympathetic nervous system activity. For example, Bubb et al. (1983) did not observe 

changes in plasma NA or A in response to 10 min rest or 10 min exercise at 40% FO2max in 

response to gas treatments ranging from 13 to 21% F^. Takahashi et al. (1995) also did 

not observe a change in catecholamine levels in response to cycle ergometer exercise at 

60% FO2max for 6 min in response to breathing 12 to 21% F[O2 .

It is not known why the results in the present study differ to those found in the most closely 

related studies of Sutton (1977) and Striider et al. (1996a). However, subjects in these 

studies only exercised for 20 min in hypobaric normoxia (at a simulated altitude of 4,550 

m) (Sutton, 1977) and 60 min in normobaric hypoxia with an FjO2 of 14% (Striider et al., 

1996a), which were at least 2,350 and 800 m higher respectively, than the estimated 

altitude of 2,200 m in the present study, according to the Zuntz formula (Zuntz et al., 

1906). In addition to this the exercise intensities in the studies by Striider et al. (1996a) 

and Sutton et al. (1977) equated to approximately 70 and 8 W greater than the present 

study respectively.

Oxygen uptake was higher during cycling exercise in the Norm group with respect to 

exercise in the Hyp(rel) group, which was to be expected. However, the anticipated 

difference in FO2 between the Hyp(abs) and Hyp(rel) groups was not observed. From 

Figure 4.5 it can be seen that there was some inter-subject variation in FO2 , and this may 

have been why these two groups were not statistically different. Heart rate on the other 

hand, was significantly higher during cycling exercise in the Hyp(abs) group with respect 

to the Norm and Hyp(rel) groups which is similar to the findings of the two most closely 

related studies to the present study. Although they did not measure FO2, Sutton (1977) and 

Striider et al. (1996a) observed an increased heart rate in those subjects exercising in 

hypoxia at the same absolute exercise intensity in comparison to those exercising in 

normoxia at the same absolute exercise intensity. Whole blood lactate concentration was 

also higher in the Hyp(abs) group compared with the other groups, but only at 60 min into 

the exercise bout. Data for Borg's RPE confirmed that the exercise intensity was 

perceived to be lower in the Hyp(rel) group than the Norm and Hyp(abs) group, whereas
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consistently lower SaO2 values for Hyp(rel) and Hyp(abs) in comparison with the Norm 
group confirmed the decreased FjO2 in these groups.
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4.5 CONCLUSION

The increase in exercising plasma f-Trp concentration in Hyp(abs), coupled with the 

increase in exercising plasma f-Trp:BCAA ratio in Hyp(abs) and Hyp(rel) suggests that a 

trend exists for exercise in normobaric hypoxia compared with exercise in normobaric 

normoxia, to cause an elevation in some of the indirect markers of brain 5-HT activity. 

However, the increase in exercising serum PRL and plasma NEFA concentration in groups 

exercising in both normobaric hypoxia and normoxia, suggest that normobaric hypoxia 

does not have an effect on indirect markers of brain serotoninergic activity. However, the 

increase in plasma concentrations of NEFA during recovery in the Hyp(abs) only, indicates 

that recovery in a normobaric normoxia environment after a 2 h cycling protocol in 

normobaric hypoxia might have a knock on effect on plasma concentrations of f-Trp and 

thus brain 5-HT activity. If brain 5-HT activity is increased during exercise in a 

normobaric hypoxic environment, then serum PRL concentration and cognitive 

performance might not be reliable indicators of increased 5-HT activity within the brain, 

since there were no differences between groups for serum PRL concentrations and 

cognitive performance was found to be improved.

Plasma ratios of f-Trp :BCAA and concentrations of f-Trp were higher at rest and 60 min 

into normobaric hypoxic exercise at a relative intensity compared with absolute exercise 

intensity, indicating that exercise intensity does not affect these variables. However, 

plasma f-Trp concentrations increased over time during exercise in Hyp(abs), whereas 

concentrations did not change during Hyp(rel). Plasma NEFA concentrations during 

recovery in Hyp(abs) were greater than those observed in Hyp(rel), indicating that the 

increased f-Trp concentration over time in Hyp(abs) would continue into recovery. 

However, the plasma f-Trp:BCAA ratio increased over time in both Hyp(abs) and Hyp(rel) 

which might reflect more accurately the concentration of f-Trp available for transport into 

the brain.

In conclusion, a clear relationship between plasma f-Trp, serum PRL concentration and 

cognitive performance does not exist during prolonged exercise at different exercise 

intensities in normobaric normoxia and normobaric hypoxia.



- CHAPTER 5 -

HIGH-INTENSITY EXERCISE
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CHAPTER 5 - HIGH-INTENSITY EXERCISE 

5.1 INTRODUCTION

Although increased plasma catecholamine concentrations are thought to account for the 

increased mobilisation of plasma NEFA during prolonged exercise (Von Euler and Hellner, 

1955), this relationship is not expected during short term high-intensity exercise. Despite 

elevated plasma catecholamine levels during exercise of high-intensity, a decrease in 

plasma NEFA concentrations are likely to occur (Romijn et al., 1995; Sidossis et al., 1997; 

Wolfe, 1998). During more severe exercise intensities, such as in a 30 s maximal cycle 

sprint, an accumulation of hydrogen ions may occur as a result of increased lactic acid 

production, which may inhibit the activity of hormone-sensitive lipase. This would 

subsequently inhibit lipolysis, and lead to a re-esterification of NEFA to triglyceride, thus a 

decreased plasma concentration of NEFA. This decrease in the plasma NEFA 

concentration may lead to a possible decrease in competition between Trp and NEFA for 

binding sites on its plasma transporter, albumin. As a result plasma f-Trp concentrations 

may decrease, and this may in turn decrease the transport of f-Trp into the brain and 

decrease the rate of brain 5-HT activity. If serum PRL concentration is a reliable indicator 

of serotoninergic activity, and the transport of f-Trp into the brain is decreased, then it 

would be expected that the serum concentration of PRL would either stay constant or 

possibly decrease as a result of high-intensity exercise.

Serum PRL concentrations were found to be elevated immediately after high intensity 

exercise in a study conducted by Hackney et al. (1995). Subjects cycled intermittently for 

1 h, and exercise consisted of five sets of 2 min at 110% FO2max followed by 2 min at 

approximately 40% FO2max, with 5 min of passive rest between sets. Research examining 

the effects of high-intensity exercise on the markers of serotoninergic activity is scarce, and 

although this study demonstrates an increase in serum PRL concentration following high- 

intensity exercise, it warrants further discussion. Hackney et al. (1995) did not correct for 

changes in plasma volume, although they did report a decrease in plasma volume. Their 

significant increase in serum PRL concentration may therefore have been attenuated if they 

had corrected for changes in plasma volume. Their argument for measuring the absolute
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concentrations of serum PRL and not the 'true' exercise induced changes if they had 

corrected for changes in plasma volume, was that they consider the former to reflect the 

concentration of hormone that the target tissues were exposed to (Bunt, 1986; Kraemer et 

al., 1990; Hackney et al., 1995). Kargotich et al. (1997) on the other hand, concluded that 

although it cannot be ignored that it is the absolute volume that the target tissue reacts to, 

correcting for changes in plasma volume should not be ignored and might identify true 

responses of the variable to exercise as opposed to a change that occurred due to a shift in 

plasma volume. In addition, while the findings in the study by Hackney et al. (1995) 

appear to endorse an increase in serum PRL concentration following high-intensity 

exercise, the intensity and duration are markedly different to what one might encounter 

during a 30 s maximal cycling protocol. The nature of the high-intensity exercise in the 

study by Hackney et al. (1995), since it lasted 1 h, would require a greater contribution 

from the aerobic energy system in comparison to a single 30 s maximal cycling protocol, 

thus the response of plasma NEFA and f-Trp concentration to their intermittent protocol is 

likely to have been different to the single 30 s maximal cycle sprint in the present study. 

This might have been another explanation for the increase in serum PRL concentration in 

the study by Hackney et al. (1995).

An increase in PRL concentration during exercise has also been attributed to exercise 

intensities above lactate threshold (De Meirleir et al., 1985). It was demonstrated during a 

graded maximal exercise test on a cycle ergometer that plasma PRL concentration did not 

increase significantly until anaerobic threshold was reached, where the increase in PRL was 

parallel with the increase in lactic acid. Although the two may not be linked directly, the 

authors suggest that the hypothalanio-pituitary axis may react to by-products or factors 

resulting from anaerobic metabolism (De Meirleir et al., 1985). If this is the case, during 

high-intensity exercise where whole blood lactate concentrations are raised significantly, 

serum PRL concentration may be independent of changes in brain 5-HT activity and may 

not be a sensitive indirect marker of serotoninergic activity.

It appears that only one study has examined the effects of brain 5-HT manipulation on 

high-intensity exercise performance (Parise et al., 2001). Healthy males were given a 

selective serotonin reuptake inhibitor (SSRI) 6 h before repeated Wingate cycle ergometer
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tests. The 40 mg dose of fluoxetine would be expected to increase brain 5-HT and possibly 

affect performance indices during the repeated Wingate tests, such as anaerobic power, 

capacity and fatigue index. However, in comparison to the placebo, acute administration of 

the SSRI did not have any effect on the performance indices measured during the repeated 

Wingate cycle ergometer tests. Unfortunately biochemical markers in the blood were not 

measured. Although it cannot be discounted that a role for central fatigue during short- 

term high-intensity exercise exists, it is generally accepted that muscular fatigue during 

high-intensity exercise is more likely to occur due to depletion of phosphocreatine (PCr) 

and glycogen coupled with lactic acid accumulation (Newsholme and Leech, 1983; Boobis 

et al., 1983). Karlsson and Saltin (1971) have hypothesised that it is a result of lactic acid 

accumulation only.

5.1.1 AIMS

The aims of this study were to therefore assess changes in peripheral markers of 5-HT 

activity during high-intensity exercise. Their contributions are considered, a priori, to be 

minimal, if at all, due to the predicted decrease in plasma NEFA. In addition, a decrease in 

the plasma concentrations of NEFA may be reflected in a decreased plasma f-Trp 

concentration. Consequently the rate of change in brain 5-HT activity may also be 

minimal. However, its inclusion (or exclusion) needs to be conducted due to a distinct lack 

of this type of research.

Selected indirect markers of serotoninergic activity (plasma f-Trp and serum PRL) were 

measured immediately before, immediately after and 24 h after a single 30s high-intensity 

cycle ergometer test. Additional blood metabolites measured included plasma NEFA, 

adrenaline, noradrenaline and whole-blood lactate concentration.
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5.1.1.1 HYPOTHESIS

[1] Indirect markers of serotoninergic activity, namely plasma f-Trp and serum PRL 

concentration will decrease in response to short duration (30 s) high-intensity 

cycling.
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5.2 METHODS 

5.2.7 SUBJECTS

Eighteen healthy physically active male subjects with mean values (± 1 SD) for age, body 

mass, stature and percentage body fat of 23 ± 2 years, 75.3 ± 11.0 kg, 1.76 ± 0.06 m and 

11.6 ± 2.7% respectively, gave informed consent for this study.

5.2.2 EXPERIMENTAL PROTOCOL

5.2.2.1 LABORATORY MEASUREMENTS AND PROCEDURES

Subjects attended the laboratory following a 12 h overnight fast. Subjects had refrained 

from consuming alcohol and caffeine, and had not undertaken any strenuous physical 

exercise for 48 h prior to testing.

One week before testing began subjects attended the laboratory to perform a force velocity 

test. The procedure outlined by Jaskolska et al. (1999) was used to determine the optimal 

resistive forces for the trial. With 5 min rest between each load, subjects performed 6 x 6 s 

maximal sprints against a range of resistive forces (0.07, 0.075, 0.08, 0.085, 0.09 and 0.095 

kg.kg" 1 body mass) in a random order. The resistive force producing the largest peak 

power output was considered optimal for that particular subject, and was used during the 

30 s exercise trial. Resistive force was calculated according to the subject's fat free mass. 

Previous work carried out in the department has suggested that using resistive force based 

on fat free mass along with an optimisation protocol provides more accurate and reliable 

power profiles (Baker, 2000).

On the morning of each test, the friction braked cycle ergometer used (Monark 824e, 

Monark Ltd., Varberg, Sweden) was calibrated following the guidelines of Coleman 

(1996). The subjects sat on the cycle ergometer and the saddle height was adjusted to 

allow a partial knee flexion. Subjects were instructed to remain seated throughout the test
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and were required to keep their hands in the same position on the handlebars. Throughout 
testing, feet were firmly fastened to pedals with toe straps. Subjects began with a 5 min 

warm-up, a procedure that has been outlined previously by Jaskolska et al. (1999). 
Subjects were then permitted to dismount the cycle ergometer and stretch.

The 30 s high-intensity cycle test started with the subjects pedalling maximally before the 
load was applied.

Indices of performance were calculated from flywheel revolutions using a computerised 
data capture system (Coleman, 1996). Power output (inertially corrected) and pedal rates 
were recorded using an optically based data capture system.

5.2.2.2 PHYSIOLOGICAL PARAMETERS

5.2.2.2.1 CAPILLARY BLOOD ANALYSES

Capillary haemoglobin, packed cell volume and whole-blood lactate concentrations were 
measured immediately before and after exercise and at 24 h post exercise.

5.2.2.2.2 VENOUS BLOOD ANAL YSES

Blood collection was carried out after the subjects had been in a seated position for 30 min 
using the venepuncture method as described in chapter two. Serum concentrations of PRL 
and plasma concentrations of f-Trp, NEFA, adrenaline (A) and noradrenaline (NA) were 
measured at immediately before and after exercise and 24 h post-exercise. The blood 
sample upon exercise cessation was taken while subjects remained on the cycle ergometer. 
The 24 h sample was taken after the subjects had sat for 30 min in the laboratory.

Values expressed for the above venous concentrations and for the whole-blood lactate 
concentration were corrected for changes in plasma volume (Dill and Costill, 1974).
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5.2.2.3 DETERMINATION OF BODY FAT

Fat free mass was calculated by subtracting total fat mass from the total body mass. Body 

density values were determined from hydrostatic weighing as described in Chapter 2.

5.2.2.4 STATISTICAL ANALYSES

A one-factor analysis of variance was used to test for main effects for time. Following a 

main effect for time, an a posteriori Tukey honestly significant difference test was 

performed to further examine unplanned comparisons. Significance levels for comparisons 

were set at P < 0.05, and means are displayed ± SD.



Chapter 5 - High-intensity exercise____________________________________Page 123

5.3 RESULTS

5.3.1 PERFORMANCE INDICES

Performance indices are shown in Table 5.1.

Table 5.1 Performance indices during the 30 s high-intensity cycle test

Variable Value

PPO (Watts) 1020 ±130

MPO( Watts) 512 ±66

Time to PPO (s) 3.5 ±1.6

Maximum pedal revolutions (rpm) 141 ± 7

Fatigue index (%) 38 ± 10

Work done (Joules) 14843 ± 1844

Resistive force (kg) 5.2 ± 1.0

Values are means ± SD. PPO. peak power output; MPO, mean power output.

5.3.2 BLOOD METABOLITES

The blood metabolite data are demonstrated in Figures 5.1 to 5.4. Plasma f-Trp 

concentration decreased by 23.5% immediately following exercise (P < 0.05), however 

mean plasma f-Trp concentrations immediately post-exercise were not statistically different 

to those measured at 24 h post-exercise (Figure 5.1). Serum concentrations of PRL on the 

other hand did not change immediately following exercise or 24 h post-exercise with 

respect to baseline (Pre-exercise: 177 ± 58 ulU.im" 1 ; Post-exercise: 168 ± 47 ulU.mr 1 ; 24 

h post-exercise: 171 ± 56 uTU.mr 1 P > 0.05). Plasma NEFA concentrations decreased 

immediately after exercise by 46% (P < 0.05) and had returned to baseline values 24 h after 

exercise. Plasma NA (Figure 5.2), A (Figure 5.3) and whole blood lactate (Figure 5.4) 

concentrations increased immediately following exercise (P < 0.05). Baseline values
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compared with 24 h post-exercise values of these metabolites were no different, and 

concentrations measured immediately post-exercise were higher than those measured at 24 

h post-exercise (P < 0.05).
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Figure 5.1 Plasma concentrations of f-Trp before, immediately after and 24 h after 30s 
high-intensity cycling; f-Trp, free tryptophan; main effects for time, * P < 0.05: Pre- 
exercise vs. Post-exercise.
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Figure 5.2 Plasma concentrations of NA before, immediately after and 24 h after 30s 
high-intensity cycling; NA, noradrenaline; main effects for time, * P < 0.05: Pre-exercise 
vs. Post-exercise; Post-exercise vs. 24 h post-exercise.
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Figure 5.3 Plasma concentrations of A before, immediately after and 24 h after 30 s high- 
intensity cycling; A, Adrenaline; main effects for time, * P < 0.05: Pre-exercise vs. Post- 
exercise; Post-exercise vs. 24 h post-exercise.
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Figure 5.4 Plasma concentrations of whole blood lactate before, immediately after and 24 
h after 30 s high-intensity cycling; main effects for time, * P < 0.05: Pre-exercise vs. Post- 
exercise; Post-exercise vs. 24 h post-exercise.
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5.4 DISCUSSION

The main findings of the present study are that plasma f-Trp concentration decreased, and 

serum PRL concentrations were unchanged in response to 30 s of high-intensity cycling 

exercise. The decreased plasma f-Trp concentration was likely the result of the decreased 

plasma NEFA concentration. Thus the decrease in circulating NEFA might have increased 

the binding sites on plasma albumin available for plasma Tip, and decreased the unbound 

portion of plasma Trp.

The 23.5% decrease in plasma f-Trp concentration might have caused a decreased transport 

of f-Trp across the blood-brain barrier and reduced the rate of brain 5-HT activity, which 

might have explained the lack of effect on serum PRL concentration. A decreased plasma 

concentration of f-Trp by approximately 20% has been found in normal subjects to induce 

temporary symptoms consistent with depression and decrease serotoninergic 

neurotransmitter function (Jagannathan and Venitz, 1997). The administration of 

buspirone, a 5-HTiA receptor agonist in this study should have resulted in an increase in 

brain 5-HT activity and thus an increase in serum PRL concentration however, depleting 

plasma f-Trp levels in these subjects led to a decreased serum PRL concentration 

(Jagannathan and Venitz, 1997). It is plausible that the decreased plasma concentration of 

f-Trp hi the present study might have been the reason why no response in serum PRL was 

observed. However, it has been suggested that it is the plasma ratio of f-Trp:BCAA as 

opposed to f-Trp alone that indicates more accurately the brain concentration of f-Trp and 

5-HT. Despite not measuring plasma BCAA concentration in the present study, it can be 

deduced that like the plasma NEFA response, that BCAA would have been decreased 

immediately following exercise. Since it was anticipated that the BCAA concentration 

would be stable and plasma volume would be decreased, plasma concentrations of BCAA 

would likely have decreased slightly. This might have led to the plasma f-Trp:BCAA ratio 

following exercise to be unchanged in comparison with baseline. Thus there would have 

been no net change in f-Trp transport into the brain. It might therefore have been for this 

reason that serum PRL concentration did not change - reflecting an unchanged brain 

serotoninergic activity in response to high-intensity exercise.
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The finding that serum PRL concentration did not change in response to the 30 s high- 

intensity cycle test was in disagreement with previous work such as that of Kargotich et al. 

(1997), Bunt (1986) and Hackney et al. (1995). The study by Kargotich et al. (1997) and 

Bunt (1986), corrected for changes in plasma volume whereas the latter did not (Hackney 

et al., 1995). Hackney et al. (1995) through not correcting for plasma volume changes may 

have reported artificially elevated PRL concentrations due to haemoconcentration. Plasma 

volume decreased in the present study, which meant that the increase found in the 

metabolites measured was blunted and may have been the reason why a significant change 

was not detected compared to other work (Hackney et al., 1995). Other reasons for the 

different findings may be the differences in study design and thus exercise intensity and 

duration. For example Hackney et al. (1995) investigated the effects of intermittent high- 

intensity exercise on selected metabolites, as opposed to a single bout of 30 s high-intensity 

exercise as in the present study. Intermittent high-intensity exercise for durations of up to 

an hour may demand a greater proportion of aerobic metabolism compared with a single 30 

s bout of exercise at the same intensity. Thus, intermittent exercise lasting for longer 

durations may prove more stressful on the body and is possibly the reason serum PRL 

values were significantly higher in these studies. Prolactin may have increased partly due 

to increases in the rate of serotoninergic activity since the exercise lasted for up to 1 h and 

could have been influenced by an increase in NEFA mobilisation. The study in this chapter 

only lasted for 30 s and resulted in a decreased plasma NEFA concentration.

The serum PRL results of the present study in addition do not agree with the findings of De 

Meirleir et al., (1985), where they reported an increased concentration of plasma PRL once 

anaerobic threshold was reached and blood lactate concentrations rose. Serum PRL 

concentration in the present study remained unchanged despite a significant increase in 

whole blood lactate concentration immediately following exercise. The difference again 

may be due to the different test conditions, since the subjects hi the study by De Meirleir et 

al. (1985) performed a graded maximal cycle ergometer test and exercised for some 20 min 

before anaerobic threshold was reached.

In chapter four it was shown that serum concentrations of PRL did not increase until 30 

min after the cessation of exercise, indicating that if there was an increase in the rate of



Chapter 5 - High-intensity exercise Page 129

synthesis of brain 5-HT, then this may not manifest itself in the venous blood until after 

exercise. A pilot study (Appendix III) on five subjects was thus conducted to assertain 

whether serum PRL concentration changed over the course of a 1 h recovery period. No 

change was seen from immediately post-exercise up to 1 h post exercise (P < 0.05).

Although the plasma concentrations of NA and A were significantly increased immediately 

after exercise in the present study, the mechanisms behind the decrease in post-exercise 

plasma NEFA concentrations may have been due to the increased whole blood lactate 

concentration and a possible increase in plasma insulin. Hormone sensitive lipase (HSL) 

although known to be activated by increases in NA and A (Frayn, 1996) is also inhibited by 

high circulating hydrogen ions as a result of increased blood lactate concentrations (Brooks 

et al., 2000). In addition there may have been an increase in the rate of glycogenolysis in 

the liver and muscle, in turn increasing plasma glucose, possibly to a concentration greater 

than can be utilised by the active muscles. This may have increased plasma insulin, which 

may have also inhibited HSL and the mobilisation of NEFA (Figure 5.5).
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Figure 5.5 The regulation of fat mobilisation and the role of plasma catecholamines in 
white adipose tissue (taken from Frayn, 1996). Abbreviations: DAG, diacylglycerol; HSL, 
hormone-sensitive lipase; MAG, monoacylglycerol; TAG, triacylglycerol
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5.5 CONCLUSION

The decreased plasma concentration of f-Trp was likely caused by the decrease in plasma 

NEFA concentration, which was hypothesised. This decrease in the plasma f-Trp 

concentration, coupled with a possible unchanged plasma ratio of f-Trp:BCAA might have 

led to either a decreased or unchanged transport of f-Trp across the blood-brain barrier, 

thus either decreasing the rate of brain 5-HT activity or not affecting it at all. From the 

unchanged serum PRL concentration data, it appears that there was no change in the 

transport of f-Trp into the brain and thus brain 5-HT activity was not affected.

In conclusion, these findings indicate that brain serotoninergic activity is not affected by a 

single 30 s bout of maximal cycling.
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CHAPTER 6 - TRYPTOPHAN FEEDING AND f-MRI 

6.1 INTRODUCTION

Previous research has highlighted that plasma concentrations of free tryptophan (f-Trp) can 

be increased significantly, with L-tryptophan (L-Trp) supplementation (Kato et al., 1974; 

Lancranjan et al., 1977; Woolf and Lee, 1977; Fraser et al., 1979). Subjects given oral 

doses of t-Trp have complained of fatigue, mental slowness and lack of vigour (Lieberman 

et al., 1982), whereas in others it has induced drowsiness (Thorleifsdottir et al., 1989) and 

increased subjective and objective measures of central fatigue (Cunliffe et al., 1998). An 

increased plasma f-Trp:BCAA ratio as a result of the L-Trp supplementation may have 

increased the concentration of f-Trp crossing the blood-brain barrier in these subjects, 

since f-Trp competes with the large neutral amino acids for transport across the blood- 

brain barrier (Pardridge, 1977). This possible increase in f-Trp transport into the brain may 

thus have resulted in an increased rate of brain 5-HT synthesis and led to increased feelings 

of fatigue.

To the author's knowledge there are no studies that have reported using functional 

magnetic resonance imaging (f-MRI) of the brain to examine the effects of L-Trp ingestion 

on behavioural (attention/accuracy) performance, hence the motivation to undertake the 

present study. The stimulation of serotoninergic activity has been shown to impair 

memory and learning (McEntree and Crook, 1991), whereas some observations with 

respect to the use of selective 5-HT re-uptake blockers have suggested otherwise 

(Weingartner et al., 1983 and Flood and Gherkin, 1987). In contrast to Trp ingestion, the 

administration of Trp-free mixtures of amino acids has been demonstrated to decrease 

brain 5-HT synthesis (Biggio et al., 1974), and it is possible that this might have an 

opposite effect on the subject to symptoms of lethargy and fatigue. The ingestion of a low 

Trp drink reduced plasma concentrations of both total and f-Trp in twelve healthy males, 

the outcome of which produced significant and selective impairments on several measures 

of cognitive performance (Park et al., 1994). The ingestion of low Trp had no effect on 

accuracy of performance during the test for sustained attention but the speed of responding 

improved during the first experimental session (Park et al., 1994). Harrison et al. (1992)
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also observed faster response times in rodents after serotoninergic depletion. It may be, 

that increased Trp on the other hand could cause an increase in response times and will be 

examined further in response to the counting Stroop test in the present chapter.

6.1.1 THE STROOP INTERFERENCE TASK AS A 

BEHAVIOURAL MEASURE DURING F-MRI OF 

THE BRAIN

An adaptation of the counting Stroop test was used during f-MRI of the brain to examine 

whether L-Trp ingestion had any effect on reaction time to two tasks of differing difficulty 

(neutral and interference, with interference being the most difficult of the two tasks). 

Analysis of the f-MRI data focused on the pattern of activation during the interference task 

compared to the neutral task, since this is when subjects would need to concentrate more. 

The Stroop interference effect is observed when the mean reaction time during the 

interference task is significantly longer than the mean reaction time of the neutral task. 

The counting Stroop paradigm used was a modification of the paradigm outlined by Bush 

et al. (1998). The paradigm eliminates verbal responses, since speech could cause small 

movements of the head, not tolerated by f-MRI, and thereby distort the imaging data, and 

allows the subject to respond via button press of the hand. The paradigm is discussed in 

more detail in section 6.2.4.

Many authors (despite the type of interference task tested, whether it be the Stroop colour- 

word, picture-word or counting Stroop test) have found an increase in reaction time in their 

control subjects in response to the Stroop interference task (Bush et al., 1998; Carter et al., 

1997; Kingma et al., 1996; Leung et al., 2000). The prefrontal cortex has been suggested 

as one of the likely anatomical loci and associated cognitive operations involved in 

attentional conflict paradigms such as the Stroop test (Ferret, 1974 and Casey et al., 1997), 

and it was observed by Pardo et al. (1990), that the main response to the Stroop 

interference task (colour-word test) occurred in the anterior cingulate cortex of the brain. 

The left premotor cortex, left postcentral cortex, left putamen, supplementary motor area, 

right superior temporal gyrus and the bilateral peristriate cortices were also shown to be



Chapter 6 - Tryptophan feeding and f-MRJ Page 133

activated by the Stroop interference effect (Bush et al, 1998; Carter et at., 1997; Kingma, 

et al., 1996; Leung et al., 2000) (Figure 6.1 shows some of these structures).
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Figure 6.1 (A) Lateral aspect of the cerebral hemisphere showing major functional areas. 
(B) Median sagittal section of the cerebral hemisphere showing major functional areas. 
(From Crossman and Neary, 2000).

Corbetta et al. (1991), also discovered an activation of the anterior cingulate gyrus, but this 

activation was absent when the subject attended to a single feature, such as that in the 

neutral task. Bench et al. (1993), however, have suggested that anterior cingulate 

activation is not specific to the interference effect. Their research also found that the
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Stroop task also caused activations in the inferior frontal gyrus and basal ganglia, which 

was also found to be the case in other studies (Taylor et al., 1997; Peterson et al., 1999). 

Again, even though the insula, inferior frontal regions, anterior cingulate gyrus and the 

middle frontal regions were shown to be the regions most strongly activated, other regions 

were also identified as being activated during the Stroop task (Leung, 2000). These 

regions included the medial wall frontal regions, temporal areas, middle temporal cortex, 

parietal regions, inferior parietal and the basal ganglia. Due to the complex nature of the 

selective attention, memory and motor response required from the visual stimulus of the 

counting Stroop test, it is hardly surprising that a network of multiple neurological 

pathways working in parallel cause such a large number of brain regions to be activated.

6.1.2 PRINCIPLES OF MAGNETIC RESONANCE

Using the basic principles of nuclear magnetic resonance (NMR), magnetic resonance 

imaging (MRI) allows the production of precise anatomical images of the brain. Exposing 

nuclei (for example hydrogen) with odd atomic weights, to strong static homogenous 

magnetic fields, cause them to behave as spinning magnets, or spins. This develops a net 

alignment of their spin axes along the direction of the applied field (Bo) (Orrison et al., 

1995). Manipulation and disturbance of these tiny magnetic fields generated by spinning 

hydrogen atoms form the basis of the magnetic resonance signal. Passing a current 

through a radiofrequency (RF) coil, thus generating a short RF pulse, disturbs the 

alignment of the spin axes. This in turn tips the spinning nuclei away from their 

orientation parallel to the strong magnetic field. The spins return to their original 

orientation when the RF pulse is switched off, thereby releasing energy in the form of RF 

waves. The resonating nuclei become RF wave transmitters with characteristic frequencies 

that can be measured by the currents they induce in the RF coil. Due to their relative 

abundance, hydrogen atoms are the most commonly used in f-MRI of the brain and have a 

transiton energy of approximately 127 MHz in a 3T (Tesla) magnetic field.

When the nuclei return to their lower energy state it is termed 'relaxation' and is described 

by its time constant (T) (Orrison et al, 1995). There are two principle relaxation modes, 

spin-lattice relaxation (Tl) and spin-spin relaxation (T2). Tl refers to the time taken for
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the nuclei to return to their original orientation, parallel to the applied magnetic field, 

whereas T2 is a measure for the rate constant of de-phasing of the nuclear spins after the 

RF pulse. There are several different types of pulse sequences for generating a T2- 

weighted contrast. It is so called 'weighted', as it is not possible to entirely remove the 

effects of the Tl relaxation. Conventional spin echo imaging typically creates two images 

per excitation. The first has a short echo time (TE) and the other a long TE known as the 

T2 image. For any fixed repetition time (TR) the T2 weighting increases with increasing 

TE.

6.1.3 FUNCTIONAL MRI (F-MRI)

Functional MRI (f-MRI) is based on the principle that neural activity is accompanied by 

changes in cerebral metabolism. The ability to detect changes in cerebral blood flow and 

blood oxygenation, in response to neural events, was made possible by developing 

methods such as high-speed echo planar imaging (EPI). Therefore, possessing similar 

spatial sensitivity and temporal resolution to that of standard MRI, a completely non- 

invasive MRI technique for the measurement of brain activity was related (Kwong et al., 

1992) using the blood oxygen level dependent (BOLD) effect (Ogawa et al, 1990). 

Gradient echo imaging sequences, which have been shown to be sensitive to the 

paramagnetic state of deoxygenated haemoglobin concentration (Ogawa et al., 1990), were 

thus used to measure changes in blood oxygenation.

T2* is the sum of T2 and the relaxation rate induced by factors which influence field 

homogeneity (Dunn et al., 1998). Magnetic susceptibility is one factor that influences field 

homogeneity and its degree of susceptibility depends upon the magnetic moment of the 

particular substance and thus its level of polarisation when placed in a magnetic field 

(Tracey et al., 1998). The iron content in blood haemoglobin is one such substance that 

will change the magnetic susceptibility between the blood vessels and the surrounding 

tissue, through the normally diamagnetic oxyhaemoglobin giving away its oxygen 

molecules to produce the paramagnetic deoxyhaemoglobin. The diamagnetic property of 

oxyhaemoglobin has a small magnetic susceptibility effect and thus does not perturb the 

tissue T2* greatly. On the other hand, the significantly more paramagnetic species of iron
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due to the four unpaired electrons disturbs the local magnetic field and results in a large 

observed susceptibility effect (Tracey, 1998). This is likely to shorten the tissue T2* 

significantly. This susceptibility effect is 'felt' both by the water molecules in the blood 

and by those in the surrounding tissue, the effect extending significantly beyond the vessel 

wall (Ogawa, 1990). In the brain for example, increased activation of a particular area 

leads to an approximate 30% increase in oxygenated blood flow to this area (Fox and 

Raichle, 1986). Coupled with a local increase of only approximately 5% in oxygen 

consumption (DeYoe et al., 1994), the areas of activation will see a relative increase in 

oxyhaemoglobin and relative decrease in deoxyhaemoglobin. This would then lead to an 

increase in local intra-voxel T2* and thus an increased image intensity.

Functional MRI has many advantages over previously used techniques for functional brain 

imaging. For example, much of the early work conducting functional maps from radio 

nucleotide techniques such as positron emission tomography (PET) prove limited in terms 

of spatial and temporal resolution (Belliveau et al., 1991). Relying on positron emitting 

isotopes, or tracers to image chemical processes, PET can prove costly, with the added 

inconvenience of being exposed to a radioactive isotope.

6.1.4 AIMS

The aim of the present study was to examine the effects of oral administration of L-Trp and 

placebo on plasma f-Trp and PRL concentrations, and counting Stroop test performance 

while undergoing f-MRI of the brain. Imaging was used as a tool to explore the neural 

basis to the subjective feeling of fatigue often reported after L-Trp administration, and to 

identify the regions of the brain stimulated during tasks requiring sustained attention, speed 

and accuracy.

6.1.4.1 HYPOTHESES

[1] Indirect markers of serotoninergic activity, such as venous f-Trp and PRL 

concentrations will be elevated following L-Trp administration. As a result reaction
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time will be slower and the number of errors will be greater in those ingesting L-Trp 

during the interference task of the counting Stroop test.

[2] Functional MRI of the brain will demonstrate a different pattern of brain activation 

in those subjects completing the counting Stroop interference task after ingesting L- 

Trp.
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6.2 METHODS

6.2.1 SUBJECTS

Eight subjects (2 females, 6 males, median age: 26 years, range: 24 - 33 years) were 

studied. Subjects did not have any history of neurological, major medical, or psychiatric 

disorder and were not taking medication. The criterion for subject recruitment is shown in 

Appendix IV. All subjects were right-handed with English as a native language and gave 

informed and written consent to the procedure, which was approved by the Oxford 

Psychiatric Research Ethics Committee.

Subjects were randomised to one of two arms in this double-blind cross-over study; (i) 

Placebo at visit 1, L-Trp at visit 2; (ii) L-Trp at visit 1, Placebo at visit 2. At each visit 

subjects performed the same task after the ingestion of either L-Trp (Trp trial) or a placebo 

(Placebo trial). Both L-Trp and placebo tasted identical and were manufactured by 

Scientific Hospital Supplies International, Liverpool, UK. Females performed their test at 

the same stage in their menstrual cycle.

6.2.2 ADMINISTRATION OF L-TRP OR PLACEBO

All subjects presented to the Centre for Functional Magnetic Resonance Imaging of the 

Brain (FMRIB) at 0700 h, and a baseline blood sample was taken. The subject then orally 

ingested either the L-Trp or placebo (based on their body mass measured upon arrival in the 

laboratory). The dose was made up from 0.03 g of powder per kg of total body mass made 

up in 200 ml of water. Sachets were supplied as 0.5, 1.0 and 2.0 g of Trp or placebo and 

the dose was calculated as accurately as possible within these constraints. The 

compositions of the sachets are given in Table 6.1. Subjects were instructed to drink the 

solution in under 1 min.
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Table 6.1 Composition

Variable

Energy (kcals)

Nitrogen (g)

Carbohydrates (g)

Fat(g)

L-Trp (g)

of the supplements given per 1 00 g

Tryptophan supplement

460

0.86

74.3

15.6

6.3

Placebo supplement

458

0.86

75.2

14.9

0.1

The counting Stroop test was aimed to start between 50 and 60 min after the subject had 

ingested either t-Trp or placebo. This time interval was chosen following pilot trials, 

which demonstrated that peak plasma f-Trp concentrations occurred between 50-60 min 

post ingestion (Appendix I).

6.2.3 PRE-SCANN1NG PROCEDURE

All subjects were trained in the use of a button box and had 1 min practice of the counting 

Stroop test prior to scan acquisition. The button box, used for relaying responses during 

the counting Stroop test, was placed in the right hand of the patient, which was secured to 

minimise arm movement. The hand was placed in a position where the subjects could 

comfortably place their four fingers over each corresponding button (the index finger 

corresponded with button one (far left) working from left to right). Responses from the 

button box were relayed to a computer in the console room, which recorded reaction time 

and accuracy of button press. Subjects were monitored by video to ensure compliance 

with the task. Subjects were positioned supine in the MRI scanner and the counting Stroop 

paradigm was projected onto a vertical screen at the end of the scanner bed. Subjects wore 

prism glasses (Wardray-Premise Engineering, Surrey, UK) to allow them to visualise the 

paradigm display. Ear protection was worn throughout and the subject's head was 

immobilised within the head coil with the aid of foam padding.
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6.2.4 COUNTING STROOP TEST

The paradigm was presented as a nine-minute block-design with eight alternating blocks of 

neutral (30 s) and interference stimuli (30 s). The paradigm started and ended with a 30 s 

rest period. At each stimulus presentation the subjects were asked to indicate by button 

press the number of words presented. The neutral stimuli consisted of animal words (e.g. 

cat, dog, mouse, bird), whereas the interference stimuli consisted of number words (e.g. 

one, two, three, four), see Figure 6.2. Stimuli were presented at a rate of 1.5 s, such that 

there were 20 stimuli within each 30s block of either neutral or interference tasks. The 

same word was presented on the screen for each stimuli presentation, for example the word 

dog appeared three times on the screen for 1.5 s.

Neutral task Interference task

dog 
dog 
dog

Button box

D D

two 
two 
two

Figure 6.2 The counting Stroop test - examples of stimuli presented during each task; the 
correct response would be 3 in both tasks, as indicated by the red button which would be 
pressed by the third finger from the left on the right hand

Subjects were reminded that they must press the button corresponding to the NUMBER of 

words seen on the screen and to answer as quickly as possible, but not to forsake accuracy 

for speed. Finally subjects were told to focus clearly on the words throughout the test and 

not to 'blur' the text. Reaction time was averaged across each of the eight presentation 

blocks and across all presentation blocks in both the neutral and interference tasks. The 

total number of errors across all eight presentation blocks was reported.



Chapter 6 - Tryptophan feeding and f-MRI_____________________________Page 141

6.2.5 PHYSIOLOGICAL MEASUREMENTS

All blood samples were taken while the subject was in a seated position using the 

venepuncture method described in Chapter 2. Blood was collected immediately after f- 

MRI of the brain, which was approximately 1.5 h after the initial baseline sample. On each 

occasion blood was drawn into 10 ml vacutainers treated with lithium heparin and 

immediately placed on ice until testing was complete. Whole blood was centrifuged and 

aliquotted into eppendorf micro-tubes and stored at -80 °C until the analysis for plasma 

total and f-Trp and PRL concentration was performed.

6.2.6 IMAGE ACQUISITION

6.2.6.1 ACQUISITION OF F-MRI

A 3T Varian/Siemens MRI system was used to acquire images of the brain. A nine-minute 

echo-planar imaging (EPI) sequence was acquired during the counting Stroop test (21 x 6 

mm axial slices, echo time (TE) = 30 ms, repetition time (TR) = 3000 ms, field of view 

(FOV) = 256 x 256, matrix = 64 x 64).

6.2.6.2 ACQUISITION OF STRUCTURAL IMAGE

ATI weighted anatomical scan was also acquired for each subject (IR 3D Turbo Flash, 64 

x 3 mm axial slices, TR - 30 ms, TE = 5 ms, interval time (TI) = 500 ms, flip angle - 15, 

FOV = 256 x 256, matrix = 256 x 256). The high-resolution Tl weighted images from the 

subjects were co-registered into standard space and averaged to produce a mean structural 

image on which the thresholded Z statistical images were overlaid. This allowed 

assessment of activation areas in terms of anatomical landmarks; based on correspondence 

to structures in the Duvernoy atlas (Duvernoy, 1995), as well as reporting the co-ordinates 

of the peak activations based on the Montreal Neurological Institute (MNI) standard brain 

template, which is a standard space average of 152 brains (FMRIB Software Library, 

2002).
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6.2.7 IMAGE ANAL YSIS

The f-MRI data was analysed using a selection of tools from the centre of f-MRI of the 

brain (FMRIB) Software Library (FMRIB Software Library, 2002) and MEDx (Sensor 

Systems Inc., VA, USA).

6.2.7.1 STATISTICAL ANALYSIS OF THE IMAGING DATA

All individual data sets (n = 16, 8 subjects in each trial) were analysed separately at first 

using the FMRI expert analysis tool (FEAT). The following pre-statistics processing was 

applied: motion correction using FMRIB's motion corrected linear image registration tool 

(MCFLIRT) (Jenkinson and Smith, 2001); spatial smoothing using a Gaussian kernel of 

full width between half maximum (FWHM) of 5 mm; mean-based intensity normalisation 

of all volumes by the same factor; nonlinear highpass temporal filtering (Gaussian- 

weighted LSF straight line fitting, with sigma = 45.0 s). Statistical analysis was carried out 

using FMRIB's improved linear model (FILM) with local autocorrelation correction 

(Woolrich et al., 2000). Z (Gaussianised T/F) statistic images were thresholded using 

clusters determined by Z > 3.0 and a cluster significance threshold ofP = 0.01 (Worsley et 

al., 1992; Friston et al., 1994; Forman et al., 1995). Registration to high resolution and/or 

standard images was carried out using FMRIB's linear image registration tool (FLIRT) 

(Jenkinson and Smith, 2000).

6.2.7.2 CLUSTER ANALYSIS

Cluster analysis, the method used above, is an alternative method to multiple comparison 

correction and is normally more sensitive to activation (Smith, 2000). Briefly, cluster 

analysis uses a Z score threshold to create contiguous clusters. A probability threshold is 

then applied to the computed significance of each cluster identified. Using significant 

clusters to mask the original Z stat image ultimately produce thresholded versions of the 

raw Z stat images. Each cluster is made up of a number of pixels and FEAT reports the 

centre of mass of each cluster (max Z score), which is then reported as a three-dimensional
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x, y, z co-ordinate. The origin (0, 0, 0) is the anterior commissure at the mid-sagittal plane, 
with x > 0 being to the right hand side of the mid-saggital plane, y > 0 corresponding to 
regions anterior to the anterior commissure, and z > 0 corresponding to regions superior to 
a plane between the anterior and posterior commissure.

6.2.7.3 INTERFERENCE-NEUTRAL CONTRAST

The time course of the neutral and interference tasks in the counting Stroop test were 
entered as explanatory variables. This process allowed the identification of brain regions 
where activation correlated with the neutral and interference task. The contrast was then 
performed to determine relative changes in activation between the interference and neutral 
tasks (interference - neutral contrast).

Within- and between-group analyses were subsequently performed in the same manner as 
above, using each individual's result from the FEAT analysis above. This analysis would 
identify those regions activated within the Placebo or Trp trial. Between-group analysis 
identified those regions activated more in the Placebo trial compared to the Trp (Placebo- 
Trp contrast) and vice versa (Trp-Placebo contrast).

6.2.7.4 REPORTING POSITIVE ACTIVATION

Individual FEAT analysis was repeated with a long high pass filter, and the parameter 
estimate images (relating specifically to the neutral-rest and interference-rest contrasts), 
were thresholded to show only positive values with respect to rest (in both trials). These 
results were used to make individual masks, specific to the neutral-rest and interference- 
rest contrasts. The eight individual masks were then combined and made into a mean 
positive mask using the transform function, allowing all images to be displayed and 
overlaid upon each other in standard space, and finally thresholded at 0.75. Mean masks 
would either read 1 or 0, with 1 referring to positive activation with respect to rest and 0 - 
no activation or reduced activation relative to rest. This meant that only those brain areas 
showing greater than 75% positive activation with respect to rest would be studied.
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6.2.7.5 WITHIN-GROUP ANALYSIS

Since a significant Stroop effect was shown in the behavioural data (i.e. the reaction time 
was greater for the interference task with respect to the neutral task in both Placebo and 
Trp), it was decided to examine this contrast (interference-neutral) specifically in the f- 
MRI analysis of the brain. In other words, areas specific to the Stroop effect were 
identified. Further analysis also identified whether the Stroop effect was different in the 
Placebo and Trp trial when specifically looking at images of the brain (although the Stroop 
effect was not different between trials with respect to the behavioural data).

Using the interference-neutral [I-N] contrast from the within-group analysis (in both the 
Placebo and Trp trials), to ensure that only the regions that were positively activated were 
identified, the result was masked by the mean positive (+ve) masks for that trial. 
Activation reported was therefore positive with respect to rest: 
i.e. Within-group (Placebo) - [I-N] - masked by mean Placebo +ve mask 

Within-group (Trp) - [I-N] - masked by mean Trp +ve mask

6.2.7.6 BETWEEN-GROUP ANALYSIS

Using the interference-neutral [I-N] contrast from the between-group analysis (in both the 
Placebo-Trp contrast and Tip-Placebo contrast), the result was (1) masked by the mean +ve 
masks for the trial of interest and (2) masked by within-group result from the same trial: 
i.e. Between-group (Placebo-Trp contrast) - [I-N]:

masked by mean Placebo +ve mask and
masked by Within-group (Placebo) - [I-N] 

Between-group (Trp-Placebo contrast) - [I-N]:
masked by mean Trp +ve mask and

masked by Within-group (Trp) - [I-N]

This ensured that (1) all areas identified were positive with respect to rest (denoting 
positive signal responses only being shown) and (2) the areas identified in the new
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between-group mask would not be different to those previously identified in the within- 
group analysis (although there may be less areas of activation in the between-group 
analysis)

6.2.8 STATISTICAL ANALYSIS OF THE BEHA VIOURAL 

DATA

A two-factor within subjects repeated measures analysis of variance was used to determine 
significant differences between trial (Trp and Placebo) and task (neutral and interference). 

Upon detecting a significant main effect, a Student's paired samples Mest was further used 
to determine significant differences within each factor.

6.2.9 STATISTICAL ANALYSIS OF THE VENOUS F- 

TRP, TOTAL TRPANDPRL CONCENTRATION

A two-factor within subjects repeated measures analysis of variance was also used to 
determine significant differences between trial (Trp and Placebo) and time (Pre and Post 
ingestion). On finding a main effect for trial or time, a Student's paired samples /-test was 
performed to determine significant differences within each factor. Significance levels for 
all comparisons were set at P < 0.05, and means are displayed ± SD.
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6.3 RESULTS

The results are divided into three sections; (i) performance data from the counting Stroop 

test, outlining the mean reaction time and number of errors during the neutral and 

interference tasks; (ii) plasma f-Trp, total Trp and PRL concentration in response to the 

Tip or Placebo trial; and (iii) f-MRI data obtained during performance of the counting 

Stroop test during the two trials.

6.5.7 COUNTING STROOP TEST PERFORMANCE

Reaction time was greater (P < 0.05) during the interference task with respect to the neutral 

task in both the Trp and Placebo trial (Table 6.2).

Table 6.2 Mean reaction time in both the neutral and interference trials (mean values were 
obtained by averaging the reaction time across the eight stimulus presentation blocks).

Variable

Neutral reaction time (ms) 

Interference reaction time (ms)

Tryptophan trial

712 ±193 

761 ± 198

Placebo trial

669 ±163

715 ±174

% change in reaction time

Main effect for task

6.9%* 6.9%*

Values are means ± SD; n = 8; Neutral, neutral task of counting Stroop test; Interference, 
interference task of counting Stroop test; there were no main effects for trial main effects 
for task, * P < 0.05: interference reaction time vs. neutral reaction time.
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Table 6.3 below shows that the total number of errors during the interference task was also 

significantly greater than the mean number of errors during the neutral task for both the 

Tip and Placebo trial (P < 0.05).

Table 6.3 Total number of errors in both the neutral and interference trial (obtained by 
averaging the number of errors across the eight stimulus presentation blocks).

Variable Tryptophan trial Placebo trial

Neutral - number of errors 

Interference - number of errors

% change in reaction time

3±2 3±2 

7±4 5±2

Main effect for task 

133.3%* 66.7%*

Values are means ± SD; n = 8; Neutral, neutral task of counting Stroop test; Interference, 
interference task of counting Stroop test; there were no main effects for trial; main effects 
for task, * P < 0.05: interference number of errors vs. neutral number of errors.

Figure 6.3a and b on the next page depict mean reaction time of the group for each one of 

the stimulus presentation blocks, thus displaying reaction time as a function of time. A 

main effect for task was observed in both the Trp and Placebo trials (P < 0.05). Although 

there was no main effect for time in the Placebo trial the probability of the F value was P = 

0.052.
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Figure 6.3 Mean reaction time for the group over time (stimulation presentation blocks 1 - 
8) in the (a) tryptophan and (b) placebo trial; main effects for task in both trials, * P < 
0.05: neutral vs. interference task; there were no main effects for time, i.e. the 8 stimulation 
presentation blocks



Chapter 6 - Trvptophan feeding and f-MRl Page 149

6.3.2 PLASMA CONCENTRATIONS OF FREE, TOTAL 

TRP AND PRL CONCENTRATIONS

An increase in the plasma concentration of free and total Trp was observed following oral 

administration of L-Trp (P < 0.05). Plasma f-Trp concentrations were increased by 920% 

at post f-MRI compared with pre-ingestion in the Trp trial (P < 0.05), but unchanged in the 

Placebo trial (P > 0.05) (Figure 6.4). Plasma total Trp concentrations were also higher 

immediately post f-MRI during the Trp trial compared with the Placebo (P < 0.05) [mean ± 

SD: Placebo trial - pre, 74.0 ± 14.3, post, 68.9 ± 17.5 umol.L' 1 ; Trp trial - pre, 86.3 ± 

28.0 umol.L^post, 388.2 ± 65.6 jimoLL' 1^ < 0.05)].

70

^ 60 -"o
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_o
1 40 -
o> o
o 30 o

£ 20
03

t> in 03 10

D Placebo trial 

D Tryptophan trial

Pre Post

Figure 6.4 Plasma concentrations of f-Trp immediately before Trp ingestion (pre) and 
post f-MRI scan; main effects for trial, * P < 0.05: Trp vs. Placebo trial; main effects for 
time, $ P < 0.05: pre vs. post.
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Plasma PRL concentrations decreased (P < 0.05) following L-Trp ingestion and f-MRI in 

both the Placebo and Tip trials (Table 6.4).

Table 6.4 Mean plasma prolactin concentration immediately before Trp ingestion (pre) 
and post f-MRI scan.

Plasma prolactin concentration (mlU.L') 

Tryptophan trial Placebo trial

Pre ingestion 320 ± 83 396 ± 173 

Post f-MRI 222 ±60 267 ±148

Main effects for time

% change in serum prolactin -32.6%* -30.6%* 

concentration

Values are means ± SD; n = 8; there were no main effects for trial; main effect for time, * 
P<0.05: pre vs. post.

6.3.3 FUNCTIONAL MAGNETIC RESONANCE 

IMAGING DATA

6.3.3.1 WITHIN-GROUP ANALYSIS

Sixteen areas were identified as being positively activated during the Stroop specific 

contrast (interference-neutral) in the Placebo trial. The five largest max Z scores were the 

intraparietal sulcus, supramarginal gyrus, angular gyrus, inferior frontal gyrus and 

postcentral gyrus on the left side of the brain. Each area is listed in Table 6.5, along with 

the max Z score and the co-ordinate of the max Z score.

Within-group analysis during the same contrast in the Trp trial positively activated 19 

areas, as also seen in Table 6.5. The five largest max Z scores in this trial were the R
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lateral fissure, R superior temporal gyrus, R intraparietal sulcus, and the posterior cingulate 

gyrus and precuneus on the left side.

Figure 6.5 displays the same selected transverse brain slices from the within-group analysis 

for the Placebo and Trp trial, which shows the pattern of activation in one trial compared to 

the other. Despite the pattern of activation specific to the one trial, there were 6 common 

areas of activation in the two trials; the intraparietal sulcus (seen in Figure 6.5i), superior 

temporal gyrus, superior temporal sulcus, postcentral gyrus and the lateral fissure on the 

right hand side of the brain and the left posterior cingulate gyrus. The centre of mass of 

each of these max Z scores were all different.

Selected brain slices (in the coronal, sagittal and tranverse plane) from each trial are also 

displayed in Figure 6.6 and 6.7.
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Table 6.5 Areas of activation
[interference-neutral contrast] (at

Anatomical region

Placebo trial:
L intraparietal sulcus
L supramarginal gyrus
L angular gyrus
L inferior frontal gyrus
L postcentral gyrus
R middle temporal gyrus
R superior temporal gyrus
L inferior frontal sulcus
R middle occipital gyrus
R intraparietal sulcus
R superior temporal sulcus
R postcentral gyrus
R angular gyrus
L middle frontal gyrus
L posterior cingulate gyrus
R lateral fissure
Tryptophan trial:
R lateral fissure
L posterior cingulate gyrus
R superior temporal gyrus
R intraparietal sulcus
L precuneus
Rpons
L isthmus
R posterior lateral fissure
R putamen/insula
L intra-occipital sulcus
R superior temporal sulcus
R putamen
R posterior cingulate gyrus
L thalamus
R parieto-occipital fissure
Medial anterior mid-brain
R thalamus
R anterior mid-brain
R postcentral gyrus

identified by FEAT
Z > 3.0, P< 0.01)

analysis for

Co-ordinates of max
X

-22
-42
-42
-36
-58
70
60
-60
58
42
40
60
42
-40
-4
44

56
-6
44
38
-10
12
-6
46
36
-28
62
34
8
-8
10
0
12
16
52

y

-64
-36
-60
54
-30
-44
-56
12

-64
-58
-62
-16
-56
52
-28
-28

-6
-48
-18
-58
-70
-28
-42
-34
-2

-66
-38
-8

-54
-18
-60
-12
-8
-2

-14

within-group analysis

Z score
z

38
38
34
-6
34
-2
10
30
-4
34
28
30
44
0

30
32

6
14
4
36
18

-40
6

28
0

22
6
4
10
14
12

-10
4

-10
22

MaxZ
score

4.2
4.0
3.8
3.5
3.2
3.0
3.0
3.0
2.9
2.8
2.7
2.7
2.7
2.7
2.6
2.6

4.1
3.8
3.5
3.4
3.3
2.9
2.8
2.8
2.8
2.8
2.8
2.7
2.6
2.6
2.5
2.5
2.5
2.5
2.4

Max L, score: centre 01 mass 01 eawn ^iuaiti, ^^-^lumm^. v^,v,"/ ^.^^^^^ ^^mm^jui^ m. 
the mid-saggital plane, with x > 0: right side of mid-saggital plane, y > 0: anterior to 
anterior commissure, z > 0: superior to plane between anterior and posterior commissure
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Figure 6.5 Comparative brain slices from within-group analysis (each letter corresponds 
to an area of activation as defined below the Figure).

a - L inferior frontal gyrus
b - R middle occipital gyrus
c - R middle temporal gyrus
d - L middle frontal gyrus
e - R postcentral gyrus
f - L intraparietal gyrus
g - L supramarginal gyrus
h - L inferior frontal sulcus
i - R intraparietal sulcus
j - L posterior cingulate gyrus

1 - R anterior mid-brain
m - R posterior cingulate gyrus
n - R lateral fissure
o - L isthmus
p - L thalamus
q - R superior temporal gyrus
r - L precuneus
s - R middle occipital gyrus
t - R lateral fissure
u - L intra-occipital sulcus
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6.3.3.2 BETWEEN-GROUP ANAL YSIS

The previous section on 'within-group analysis' reported areas of activation in the Trp and 

Placebo trials independently. Between-group analysis identified areas activated more in 

one trial compared to the other, i.e. Trp-Placebo contrast (Placebo subtracted from Trp trial 

thus areas activated more in the Trp trial) and Placebo-Trp contrast (Trp subtracted from 

Placebo trial thus areas activated more in the Placebo trial).

Thirteen areas were identified as being activated more in the Placebo with respect to the 

Trp trial as seen in Table 6.6. In comparison only 6 areas were identified in the Trp- 

Placebo contrast. Comparative brain slices are shown in Figure 6.8 again demonstrating 

areas unique to each trial. Only one common area of activation was observed in the 

between-group analysis - the left posterior cingulate gyrus. However, as can be seen from 

Figure 6.8(h), the MNI co-ordinate of this common area is very different in the two trials 

[Placebo-Trp: -4-26 30; Trp-Placebo: -6-4814]. The centre of mass of the active cluster 

in the Placebo-Trp contrast lies more superior to that identified in the Trp-Placebo 

comparison.

Areas activated more in the Placebo-Trp contrast included the postcentral gyrus, inferior 

frontal sulcus, angular gyrus, inferior frontal gyrus and the lateral orbital gyrus on the left 

hand side of the brain. Areas identified as being more activated in the Trp-Placebo 

contrast included the precuneus and posterior cingulate gyrus on the left side of the brain, 

and the isthmus, ventricle, cingulate gyrus and medial parieto-occipital fissure on the right 

side of the brain. Some of these structures are also shown in a coronal, sagittal and 

transverse plane in Figure 6.9 and Figure 6.10.
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Table 6.6 Areas of activation identified by FEAT analysis for between-group analysis 
[interference-neutral] (at Z > 3.0, P < 0.01)

Anatomical region Co-ordinates of max Z score Max Z
x y z

Placebo-tryptophan:
L postcentral gyrus
L inferior frontal sulcus
L angular gyrus
L inferior frontal gyrus
L lateral orbital gyrus
L intraparietal sulcus
L head of caudate nucleus
L middle frontal gyrus
L inferior precentral sulcus
R postcentral gyrus
R precentral gyrus
R supramarginal gyrus
L posterior cingulate gyrus
Tryptophan-placebo:
L precuneus
L posterior cingulate gyrus
R isthmus
R cingulate gyrus
R parieto-occipital fissure

-42
-48
-40
-36
-42
-24
-26
-26
-34
44
42
44
-4

-12
-6
6
8
10

-36
6

-58
52
42
-62
2
30
2

-16
2

-32
-26

-66
-48
-48
-54
-60

38
34
30
-6
-20
34
28
24
26
30
26
46
30

18
14
-4
10
12

4.3
3.4
3.4
3.3
3.0
3.0
2.9
2.7
2.6
2.6
2.5
2.2
2.2

3.3
3.3
2.6
2.4
2.0

Max Z score: centre of mass of each cluster; Co-ordinates: (0,0,0) = anterior commissure at 
the mid-saggital plane, with x > 0: right side of mid-saggital plane, y > 0: anterior to 
anterior commissure, z > 0: superior to plane between anterior and posterior commissure
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Figure 6.8 Comparative brain slices from between-group analysis (each letter corresponds 
to an area of activation as defined below the Figure).

a - L inferior frontal gyrus i -
b - L lateral orbital gyrus j -
c - L middle frontal gyrus k -
d - L inferior frontal sulcus 1 -
e - L head of the caudate nucleus m -
f - L angular gyrus
g - R postcentral gyrus
h - L posterior cingulate gyrus

L postcentral gyrus
R isthmus
R medial parieto-occipital fissure
L precuneus
R posterior cingulate gyrus
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6.4 DISCUSSION

The principal finding of the present study was that a 30 mg.kg" 1 dose of L-Trp increased 

plasma concentrations of f-Trp by 920% (P < 0.05) and this increase was accompanied by 
a change in brain activation pattern during a cognitive task requiring sustained attention, 

speed and accuracy. In addition, reaction time and the number of errors during the 
cognitive task were unchanged and plasma PRL concentrations decreased following the 
oral administration of L-Trp.

The increased plasma f-Trp concentration strongly indicated a subsequent rise in the rate of 
5-HT synthesis in the brain, since it has been demonstrated from previous studies on rats 
that significant increases in the plasma f-Trp and total Tip can cause a corresponding 

increase in 5-HT synthesis in the brain (albeit a smaller increase than the f-Trp). The 
100% (Fernstrom and Wurtman, 1971) and two-fold increases in f-Trp (Bloxham et al., 
1980) which led to a 20% and 53% increase in brain 5-HT and forebrain Trp respectively, 

further supports the notion that the considerable increase in f-Trp (> 900%) in the present 
study could have caused a concomitant increase in brain 5-HT synthesis. As mentioned in 

the first chapter, many of the serotoninergic neurones originate within the raphe nuclei, 
which are situated in the midline of the pons and medulla. These raphe nuclei project 

primarily into the medial forebrain bundle to an array of rostral sites, including the cerebral 
cortex, striatum (namely the caudate nucleus and the putamen), limbic structures 

(including the cingulate gyrus), olfactory tubercle, hippocampus, and the diencephalon 

(Kandel et al., 1995). It is also believed that the 5-HT released in the diencephalon 

(consisting largely of the thalamus) and cerebrum plays an essential inhibitory role to help 
cause normal sleep (Guyton and Hall, 1996). During the within-group analysis of the Trp 

trial there was an increased activation in the areas known to house serotoninergic neurones 

(such as the right pons, right putamen, medial anterior mid-brain and the left and right 

thalamus). These areas were not activated during the Placebo trial, and this is of 

significant value when considering that the oral administration of L-Trp also successfully 

increased the venous concentration of both free and total Trp. If the ingestion of L-Trp did 

cause an increased rate of 5-HT synthesis in the brain, then this could have resulted in the 

difference in activation between the two trials in the above named regions. A study that
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adds further evidence to this finding used an analogue of Tip ([C-11]AMT) to measure 

local cerebral 5-HT synthesis capacity in 10 normal adult human subjects (Chugani et al., 

1998). They reported high 5-HT synthesis capacity values measured in the putamen, 

caudate, thalamus and hippocampus, which were the areas also identified during the Trp 

trial in the present study. The findings in the present study support those of Blomstrand et 

al. (1989), where rats were exercised to fatigue, and Bailey et al. (1993a), where rats were 

also exercised to fatigue after receiving a 5-HT agonist. In the study by Blomstrand et al. 

(1989), running to fatigue led to increased Trp levels in the blood and brain, and increased 

levels of 5-HT and 5-HIAA (the metabolite of 5-HT synthesis) increased in the brain stem 

and hypothalamus. Increased 5-HIAA was also observed in the hippocampus and striatum, 

again suggesting that increased 5-HT synthesis had occurred in these regions. Bailey et al. 

(1993a), observed a significant increase in brain 5-HT and 5-HIAA by 1 h into exercise 

and 5-HIAA further increased in the midbrain and striatum at the point of fatigue, similar 

to the findings observed by Blomstrand and co-workers. Finally, it is important to note 

that not only does the putamen receive projections from the brain stem raphe nuclei but it 

is also considered to be the most overtly motor part of the striatum, with the caudate 

nucleus having more associative functions (Crossman and Neary, 2000). This area was not 

activated during the Placebo trial. Thus it may be that the Stroop interference task did not 

require recruitment of this area and that the increase in this area during the Trp trial was 

due to the possible increase in the rate of brain 5-HT synthesis. Alternatively the effect of 

the L-Trp ingestion might have caused the subjects to increase their effort to maintain 

performance, thus recruiting more motor areas in order to do this.

Within-group analysis identified six common areas of activation (superior temporal gyrus, 

intraparietal sulcus, superior temporal sulcus, postcentral gyrus, and lateral fissure on the 

right side of the brain and the left posterior cingulate gyrus) in both trials, since even 

though subjects were ingesting t-Trp, they were still performing the same motor task, with 

the same noise in the background.

Between-group analysis (areas more activated in one trial compared with the other) 

indicated that the increase in plasma f-Trp and total Trp in this study caused a significant 

pattern of activation in the brain unique to the Trp trial compared to the Placebo during the
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most taxing task of the counting Stroop test. This can be seen quite clearly from the 

transverse images of the brain (Figure 6.8). Many of the areas positively activated during 

the Placebo trial (within-group analysis) were again activated in this between-group 

analysis, since this contrast (Placebo-Trp) displays those regions that are more activated 

during the Placebo with respect to the Trp trial. The left head of the caudate nucleus was 

more active in the Placebo-Trp contrast, indicating a more associative role in motor 

function. Also the right precentral gyrus was more positively activated in the between- 

group analysis of the Placebo-Trp contrast. This region is known to be the primary motor 

region of the cerebral cortex (Crossman and Neary, 2000). Only three out of the nineteen 

areas activated in the within-group analysis of the Trp trial were more activated in the Trp- 

Placebo contrast (between-group analysis). These were the precuneus and posterior 

cingulate gyrus on the left side of the brain, and the posterior cingulate gyrus and parieto- 

occipital fissure on the right side of the brain. The only addition to the regions of greater 

activation was the right isthmus. The most activated cluster in the Trp-Placebo contrast 

was the left precuneus. The role of the precuneus in the brain has not been extensively 

researched and as a consequence very little is known of its functions. It is therefore very 

difficult to speculate as to why an increased activation was found in this region in this 

study. In a study measuring the regional cerebral blood flow in response to either writing 

at normal speed or half normal speed, results showed that the foci in the right precuneus 

(among other areas) showed a graded increase in functional activation with the mean 

number of inversions in velocity per stroke, suggesting that these regions may be involved 

in the processing of slow closed-loop writing movements - observed during writing at half 

of the normal speed (Siebner et al., 2001). In the present study a large positive activation 

in the precuneus on the opposite side of the brain was observed (in comparison to the right 

side in the aforementioned study) and may be associated with the slight decrease in neutral 

and interference reaction times observed during the Trp trial. The left and right posterior 

cingulate gyri were also preferentially activated during the Trp-Placebo contrast. This 

region has been associated with planning of behaviour and motor control, and may have 

consequently been more activated during the Trp-Placebo in an effort to maintain 

performance during the counting Stroop test. The right isthmus was the only area to be 

preferentially activated during the Trp-Placebo contrast that did not show up during the 

Placebo-Trp contrast, although the left isthmus was found to be activated during the Trp 

trial (within-group analysis). Similar to the precuneus, little is known of its role in the
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brain. Petitjean et al. (1975) postulated that some neurones of the dorsal noradrenaline 

(catecholamine) bundle (some of which are situated in the isthmus) may tonically control 

the activity of the raphe system. It is known that the uptake of 5-HTP (metabolite of f-TRP 

and precursor to 5-HT) is not limited to 5-HT neurones (Fuxe et al., 1971; Lichtensteiger 

et al., 1967), and that as a consequence, 5-HTP may be converted to 5-HT in 
catecholamine-containing neurones, causing the release of catecholamines by displacement 
(Ng etal., 1972).

As a result of the significant increase in plasma f-Trp concentration and possible increase 
in the rate of brain 5-HT synthesis, an increased synthesis of PRL would have been 
expected (Cleare et al., 1995). However, plasma PRL concentration decreased following f- 
MRI testing by 33% and 31% in the Placebo and Trp trials respectively. There are certain 

factors which may explain these observations. It is long established that the hormone PRL 

has a clear diurnal variation, with the blood concentration peaking in the middle of the 
night and not returning to its lowest until approximately 1000 h. This was corroborated by 

the preliminary study in Chapter 3. The intention of the present study was to therefore take 
baseline blood samples at approximately 1000 h and re-test after L-Trp ingestion and f- 
MRI of the brain. However, due to the high demand for use of the scanner, scheduling for 
this time was not possible and both trials in the present study had to be conducted in the 

morning before PRL levels had decreased fully to their lowest levels. It is unclear whether 
the plasma concentration of PRL would have been different in the present study if the 

blood sampling had occurred after 1000 h. Studies have shown that 90 mg.kg" 1 body mass 

of L-Trp did not affect plasma PRL concentration in eight female subjects (Wiebe et al., 
1977), and 5 g of L-Trp did not increase the plasma concentration of PRL when 20 normal 

volunteers were split into groups of men, females and females on oral contraceptive 

medicine (Fraser et al., 1979). Based on these findings, the plasma concentration of PRL 

may not have changed significantly following L-Trp or Placebo ingestion in the present 

study, and the explanation for the decrease in plasma PRL concentration could have been 

due to values at baseline being temporarily elevated due to the diurnal variation. If taking 

into account the diurnal variation, and assuming that the plasma PRL concentration did not 

change, it is unclear why a several-fold increase in plasma f-Trp concentration occurred 

whereas an increase in plasma PRL concentration did not occur. One possibility may be
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linked to the aforementioned conversion of 5-HTP to 5-HT in the catecholamine- 

containing neurones (Ng et al., 1972). The possible increased brain f-Trp concentration 

may have led to an increased conversion of 5-HTP to 5-HT in these catecholamine- 

containing neurones and thus may have led to an increased production of catecholamines 

by displacement. Dopamine, the CNS neurotransmitter involved in the synthesis of 

noradrenaline from the amino acid tyrosine may also have increased and this may have had 

an inhibitory effect on the plasma PRL concentration, since it is known that dopamine is a 

PRL-inhibiting factor (Cooke, 1995). This may explain why after the f-MRI, PRL 

continued to decrease.

As expected, subjects took longer to respond to the interference task of the counting Stroop 

test in comparison to the neutral task, which is consistent with Stroop's early work (1935), 

and data presented elsewhere (Bush et al., 1998; Carter et al., 1997; Kingma et al., 1996; 

Leung et al., 2000). However, despite increased plasma concentrations of f-Trp possibly 

leading to an increased rate of brain 5-HT synthesis, this had no effect on the magnitude of 

the Stroop interference effect in the Tip trial compared to the Placebo trial. Therefore even 

though L-Trp ingestion has been found previously to induce feelings of fatigue, mental 

slowness and lack of vigour (Cunliffe et al., 1998), this was not demonstrated in an 

increased reaction time and number of errors in the counting Stroop test. It may have been 

that the subjects were experiencing symptoms of fatigue or drowsiness after L-Trp 

ingestion, and that they were finding it more difficult to concentrate on the tasks in the Trp 

trial, however, the counting Stroop test may not have been a sensitive measure of cognitive 

function and central fatigue, therefore reaction time and accuracy were not affected. 

Alternatively, subjects could have found the tasks in the Trp trial to be more difficult but 

they concentrated more and paid more attention to the tasks in order to maintain 

performance. This may have required the subjects to recruit different areas of the brain 

and may also explain in part why a different brain activation pattern was observed in the 

Trp-Placebo contrast of the counting Stroop test.

Although the focus of this discussion was the effect of L-Trp ingestion on counting Stroop 

performance and brain activation, a number or brain regions were also activated during the 

Placebo trial, which had not been identified in previous investigations. The paradigm in
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the present study was an adaptation of that by Bush et al. (1998), and it was therefore 

unsurprising that the reaction time and number of errors during the Placebo trial were 

similar to those of Bush et al. (1998). Functional MRI during the interference-neutral 

contrast in the Placebo trial in the present study identified 16 areas specific to the Stroop 

interference effect, some of which have been previously identified as the anterior cingulate 

cortex, left premotor cortex, left postcentral cortex, left putamen, the supplementary motor 

area (superior, middle and inferior frontal gyri), right superior and inferior temporal gyrus, 

the bilateral peristriate cortices, left precentral gyrus, and the left superior parietal lobule 

(Pardo et al., 1990 and Bush et al., 1998). Some areas of activation however, were unique 

to the present study, such as the left intraparietal sulcus, left supramarginal gyrus, left and 

right angular gyrus, right middle occipital gyrus, right superior temporal sulcus, right 

postcentral gyrus, right lateral fissure and the left posterior cingulate gyrus.

The area most activated during the interference-neutral contrast in the Placebo trial in the 

present study was the left intraparietal sulcus - a region differentiating the superior and 

inferior parietal lobules. The superior parietal lobule has been shown to be responsible for 

the interpretation of general sensory information (which may have in part be explained by 

the subject using the button box and using touch alone to locate the keys since they were 

not able to look at it during the test) and for conscious awareness of the contralateral half 

of the body (Crossman and Neary, 2000). The latter may be explained by the left side 

being activated (left intraparietal sulcus) by the subjects using the right hand to relay 

answers via the button box. The right postcentral gyrus was also activated, which is also 

the site of the primary somatosensory cortex. The second and third largest regions of 

activation (left supramarginal gyrus and left angular gyrus) identified in the Placebo trial of 

the present study are also known to be a part of the inferior parietal lobule, and have been 

known to provide a functional interface between auditory and visual association areas 

important in naming, reading, writing and calculation (Crossman and Neary, 2000). These 

areas would thus be very important when considering what the task involved. Subjects had 

to read the number of words written on the screen (interference task) and then had to 

process that information before then recruiting the motor cortex to initiate an answer via 

the button box. The increased activation in the right lateral fissure may also have 

significance during the Stroop interference task, since the language areas of the brain are
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organised around the lateral fissure of the cerebral hemisphere (Crossman and Neary, 

2000). The inferior frontal gyrus also activated in this trial has also been concerned with 

expressive aspects of language (Crossman and Neary, 2000). The right middle occipital 

gyrus has been shown to be concerned with the interpretation of visual images - again this 

can be explained by the subject receiving information visually. The use of the button box 

to relay answers may have led to the considerable frontal activation mainly of the 

supplementary motor area (inferior and middle frontal gyri). The internal desire (probably 

initiated in the limbic system and posterior parietal cortex) to move initiates a high level of 

motor control, which is concerned with the initiation, planning and programming of 

movements (Barker et al., 1999). This may explain why increased activation was found in 

the left posterior cingulate gyrus. The structures then concerned with translating that 

desire into a movement are the basal ganglia (including the caudate nucleus and putamen) 

whose cortical projection areas reach the frontal lobe (Barker et al., 1999), hence the 

activation of the supplementary motor area seen in the Placebo trial. Finally, an 

explanation as to why the right superior temporal gyrus (home to the primary auditory 

cortex) indicated significant activation may have been due to the scanner noise, since the 

region is known to be responsible for the conscious perception of sound (Crossman and 

Neary, 2000). Although subjects wore both ear-plugs and headphones whilst in the 

scanner, the noise could not be removed entirely.
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6.5 CONCLUSION

Oral L-Trp ingestion increased the plasma concentrations of both free and total Tip 

significantly. This may have led to an increased rate of 5-HT synthesis occurring within 

the brain. In addition, there was an increased activation in the areas known to house the 

serotoninergic neurones, which provides more evidence that an increased rate of brain 5- 

HT synthesis occurred. However, the plasma PRL concentration decreased following L-Trp 

ingestion, thus questioning the role of PRL as a reliable indicator of brain 5-HT synthesis 

in circumstances where plasma f-Trp concentrations are increased several-fold above 

resting concentrations.

In conclusion, a possible increase in the rate of brain 5-HT synthesis led to an unique 

pattern of brain activation in those performing the counting Stroop test when the Trp- 

Placebo contrast was performed.
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CHAPTER 7 - SYNTHESIS OF FINDINGS 

7.1 TESTING OF HYPOTHESES

The aim of this chapter will be to reflect on each one of the proposed hypotheses, which 

were outlined at the beginning of each experimental chapter.

7.1.1 PROLONGED CYCLING AND HYPOXIA

HYPOTHESIS [1]

Indirect markers of serotoninergic activity are elevated more during prolonged 

exercise in normobaric hypoxia, in comparison with normobaric normoxia, and as 

a result cognitive performance will deteriorate.

HYPOTHESIS REJECTED

Prolonged exercise in normobaric hypoxia did not elevate plasma f-Trp, PRL 

concentrations, or f-Trp:BCAA ratios above concentrations observed in normobaric 

normoxia (P > 0.05). However, plasma f-Trp concentration increased over time in the 

Hyp(abs) trial only, and pooled serum PRL concentration increased at 30 min post exercise 

(P < 0.05). In addition, the plasma ratio of f-Trp:BCAA was elevated at 120 min in 

normobaric hypoxia (absolute and relative trials), whereas in normobaric normoxia the 

ratio remained the same. Cognitive performance was not different between normobaric 

hypoxia and normobaric normoxia (P > 0.05), and pooled data demonstrated an 

improvement in performance over time (P < 0.05). These results provide the basis to reject 

the above hypothesis.



Chapter 7 - Synthesis of findings______ ______________________ ________Page 170 

HYPOTHESIS [2]

Indirect markers of serotoninergic activity are elevated more during prolonged 

exercise at an absolute exercise intensity in normobaric hypoxia, in comparison 

with exercise at a relative exercise intensity in the same environment. As a result 

cognitive performance is expected to be worse after exercise at an absolute exercise 

intensity.

HYPOTHESIS REJECTED

Plasma concentrations of f-Trp and the plasma ratio of f-Trp:BCAA were higher in 

Hyp(rel) with respect to Hyp(abs) at rest and 60 min into exercise (P < 0.05). Although 

plasma f-Trp concentrations increased over time in the Hyp(abs) group only (P < 0.05). No 

differences across groups were observed for serum PRL concentration (P > 0.05). 

Immediately after exercise, cognitive performance was better in the Hyp(abs) group 

compared with cognitive performance in the Hyp(rel) group (P < 0.05). These results 

provide the basis to reject the above hypothesis.

7.1.2 HIGH-INTENSITY EXERCISE

HYPOTHESIS [1]

Indirect markers of serotoninergic activity, namely plasma f-Trp and serum PRL 

concentration will decrease in response to short duration (30 s) high-intensity 

cycling.

HYPOTHESIS REJECTED

Plasma f-Trp concentrations decreased immediately following exercise (P < 0.05), whereas 

serum PRL concentrations did not change (P > 0.05). Therefore the above hypothesis is 

rejected.
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7.1.3 TRYPTOPHAN FEEDING ANDf-MRI

HYPOTHESIS [1]

Indirect markers of serotoninergic activity, such as venous f-Trp and PRL 

concentrations are elevated more following L-Trp administration. As a result 

reaction time will be slower and the number of errors will be greater in those 

ingesting L-Trp during the interference task of the counting Stroop test.

HYPOTHESIS REJECTED

Although the oral administration of L-Trp was followed by an increased plasma f-Trp 

concentration, which would appear to support the above hypothesis, plasma PRL 

concentration decreased (P < 0.05). In addition, reaction time and the number of errors 

during the interference task of the counting Stroop test were unchanged (P > 0.05). These 

results provide the basis to reject the above hypothesis.

HYPOTHESIS [2]

Functional MRIofthe brain will demonstrate a different pattern of brain activation 

in those subjects completing the counting Stroop interference task after ingesting L- 

Trp.

HYPOTHESIS ACCEPTED

Analysis of the f-MRI data demonstrated a different pattern of brain activation while 

subjects performed the interference task of the counting Stroop test following L-Trp 

ingestion. This was observed in both the within and between group analysis. This finding 

provides the basis to accept the above hypothesis.
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CHAPTER 8 - GENERAL DISCUSSION

8.1 PHYSIOLOGICAL SIGNIFICANCE

The findings in each of the experimental chapters in the present thesis have been discussed 

on the basis of their statistical significance. However, as indicated in Chapter 3, the critical 

difference of venous f-Trp and PRL concentration was calculated to be 69.6% and 58.5% 

respectively. Therefore a change of less than these percentages in the variables measured 

would mean that a true physiological change did not occur. Although the use of critical 

difference and physiological significance is not routine in most of the literature measuring 

f-Trp and PRL concentrations in the blood, it should not be overlooked. For example, in 

Chapter 5, the data showed that f-Trp decreased marginally by 23.5% following 30 s of 

high-intensity exercise. Considering the critical difference for f-Trp is 69.6%, it should be 

questioned whether this decrease was physiologically significant, or due to a combination 

of analytical and within-subject variation. It may also explain why serum PRL did not 

change statistically at the same time-point. However, the 110% and 920% increase in 

plasma f-Trp concentrations following prolonged exercise in normobaric hypoxia (absolute 

intensity) and L-Trp ingestion respectively, were physiologically significant. The use of 

critical difference and physiological significance should therefore at least be considered, 

when investigating changes in the venous concentrations of any metabolite.

8.2 THE RELATIONSHIP BETWEEN F-TRP AND 

PRL

Previous studies that have explored the relationship between plasma concentrations of f- 

Trp and the venous concentrations of PRL have not been conclusive (Struder et al., 1996b; 

Struder et al., 1997), and it is clear that a simple causal relationship between plasma f-Trp 

concentration and PRL release does not occur. An increase in f-Trp concentration of 

-133% did not affect the plasma PRL concentration during 90 min of treadmill running at 

a moderate exercise intensity in the earlier study by Struder et al. (1996b), whereas 5 h of 

cycling at 75% VO2max increased both the plasma f-Trp:BCAA ratio and plasma PRL 

concentration (Struder et al., 1997).
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The findings of the present thesis add to the doubts of the relationship between f-Trp and 

PRL, as indicated by a dissociation in these two indices during prolonged exercise in 

normobaric hypoxia and after L-Trp ingestion. Several factors are likely to be responsible 

for the apparent lack of relationship between these two peripheral indices of serotoninergic 

activity. One explanation for this discordance may be that f-Trp is the precursor to brain 5- 

HT, whereas PRL is the anterior-pituitary hormone released secondary to increases in brain 

5-HT activity. This means that PRL can be affected by many factors other than 5-HT, such 

as dopamine.

Plasma concentrations of f-Trp were found to be elevated in both the normoxic and 

hypoxic exercise groups in the study by Striider et al. (1996a). However, the plasma PRL 

concentration was increased more in the hypoxic group than the normoxic group after 60 

min of exercise, once again questioning the relationship between plasma f-Trp and PRL 

concentration. Serum PRL concentration in the present thesis did not differ between trials 

during prolonged exercise in normobaric normoxia and normobaric hypoxia, and although 

the 'pooled' PRL concentration increased, it did not occur until 30 min after the cessation 

of exercise. This was 30 min after the significant increase in plasma f-Trp concentration, 

which was observed in the hypoxic trial (at an absolute exercise intensity). Unexpectedly, 

statistical analysis demonstrated a decrease in plasma PRL 1.5 h after L-Trp ingestion. 

However, the percentage change was only in the region of 30%, therefore it could be 

argued that this was not physiologically significant, and that the plasma PRL concentration 

did not change, since the critical difference for PRL was calculated to be 58.5%. It 

remains to be established, why the considerable increases observed in f-Trp did not result 

in an increased PRL concentration in the venous circulation. The apparent diurnal 

variation may play a role in these experimental conditions, however subjects were tested 

and re-tested at the same time of the day. Therefore the effect of the treatment or trial on 

the measured metabolite would have been reflected in the magnitude of change. Thus, this 

is an unlikely cause for the lack of PRL response.

The existing literature regarding the ability of L-Trp administration to alter venous 

concentrations of PRL is inconsistent. Intravenously administering L-Trp appears to be 

associated successfully with increasing venous PRL concentrations (Maclndoe and
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Turkington, 1973; Lancranjan et al., 1977), whereas results from oral administration of L- 

Trp have proved inconclusive (Wiebe et al, 1977; Fraser et al., 1979). Increased venous 

PRL concentrations were observed following a 5 g oral dose of L-Trp (Fraser et al., 1979), 

whereas an oral dose equating to 90 mg.kg" 1 body mass did not affect venous PRL 

concentration (Wiebe et al., 1977). The dose used in the present thesis (30 mg.kg" 1 body 

mass) was sufficient to cause a 920% increase in plasma f-Trp concentration. However, 

the failure of this statistically and physiologically significant increase in plasma f-Trp 

concentration to affect plasma PRL concentration warrants further discussion.

The 110% increase in f-Trp following prolonged exercise in the normobaric hypoxia 

condition (at an absolute exercise intensity) and the 920% increase in plasma f-Trp 

concentration following oral L-Trp ingestion suggest strongly that brain Trp and 5-HT 

increased. This is based upon the information that a 100% increase in plasma f-Trp 

concentration led to a 20% and 50% increase in brain 5-HT and forebrain Trp respectively 

(Fernstrom and Wurtman, 1971). Therefore it is surprising that the venous concentration 

of PRL was not increased in both the Hyp(abs) trial during prolonged exercise and 

following L-Trp ingestion.

One explanation for the lack of effect of increased f-Trp and possibly rate of 5-HT 

synthesis on venous PRL concentration was that the central 5-HT overproduction thought 

to cause hypothalamic PRL secretion in the brain did not occur (Weicker and Strtider, 

2001). This may be plausible for the 110% increase in f-Trp in the normobaric hypoxia 

condition, in view of the increase in brain 5-HT referred to above (Fernstrom and 

Wurtman, 1971). However, it is only possible to speculate that the 920% increase in 

plasma f-Trp observed in the present study could lead to an overproduction of central 5- 

HT. Thus, other potential explanations for the lack of change in plasma PRL concentration 

are proposed.

One factor common to both the prolonged exercise and high-intensity exercise 

experimental conditions is the link between catecholamines and dopamine, and the effect 

that dopamine has on PRL secretion. This relationship may explain why possible increases 

in brain 5-HT did not affect venous PRL concentration. Dopamine is involved in the 

synthesis of noradrenaline and, as mentioned in Chapter 6, it is a PRL-inhibiting factor



Chapter 8 - General Discussion______________________________________Page 175

(Cooke, 1995) and may have played a role in the suppression of PRL secretion. Plasma 

noradrenaline (NA) was measured in both the prolonged exercise and the high-intensity 

exercise conditions; it was markedly increased after 60 min of prolonged exercise in the 

hypoxia trial (at an absolute exercise intensity), and was several fold higher following 30s 

of high-intensity exercise. Dopamine may also have been elevated and the increased 

concentration could have resulted in the suppression of PRL secretion from the anterior- 

pituitary. This possibility is further supported by the fact that increased activation was 

observed in the isthmus region of the brain following L-Trp ingestion. This region is 

thought to house some of the neurones of the dorsal NA bundle (Petijean et al., 1975). A 

considerable increase in brain Trp could have resulted in 5-HTP being converted to 5-HT 

in these bundles causing a release of NA by displacement (Ng et al., 1972). This may 

suggest that an increased dopamine concentration occurred and that PRL release was 

suppressed after L-Trp ingestion.

However, this rationale is not supported by the observations of Van Praag et al. (1987) 

who demonstrated that 5 g of intravenously infused L-Trp caused a -30% decrease in the 

dopamine metabolite, homovanillic acid which suggested a decreased dopamine 

metabolism. It was suggested that the availability of tyrosine, the precursor to dopamine, 

may have been decreased which would have led to increased f-Trp competing for transport 

across the blood-brain barrier, and diminished dopamine activity within the brain. If this 

had occurred in the present study, then the direct inhibitory effect of dopamine on PRL 

would have been decreased and an increased plasma PRL would have been expected. 

However, the rationale proposed by Van Praag et al. (1987) does not account for the 

results in the present thesis, possibly because they used a larger dose of L-Trp with respect 

to the present study and they infused the dose intravenously.

Another explanation for the dissociation in the two main indices of serotoninergic activity 

could have been a proportional increase in the removal of Trp from the brain as 

hypothesised by Van Hall et al. (1995). In addition to this, they suggested that there might 

also be an increased neuronal monoamine oxidase activity leading to an accelerated 

degradation of 5-HT within the brain (Van Hall et al., 1995). This could have led to a 

decreased 5-HT in the synaptic cleft, causing the PRL releasing factor acting on the 

pituitary to be decreased and thus diminishing hypothalamic PRL secretion (Cleare, 1998).
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The mechanisms that affect central 5-HT biosynthesis are extremely complex and as a 

consequence the use of PRL as a peripheral indicator of brain 5-HT activity brings with it 

many limitations. The use of plasma f-Trp concentration was possibly the most reliable 

indicator of brain 5-HT activity investigated for the present thesis, since it is the likely 

candidate to be transported across the blood-brain and lead to the synthesis of 5-HT within 

the brain. Its 920% increase following L-Trp administration coupled with an unique 

pattern of brain activation during f-MRI of the brain was a novel finding. Many of the 

structures more positively activated in the experimental condition were also associated 

with areas known to accommodate serotoninergic neurones, which may have been 

activated due to the increased rate of brain 5-HT synthesis. Whether this unique pattern of 

brain activation in the subjects ingesting t-Trp caused a change in the perception of 

fatigue, or was caused by the subjects feeling fatigued have not been established. For 

example, subjects in response to feeling more lethargic and fatigued, which is common to 

L-Trp ingestion, may have adopted an alternative strategy during the counting Stroop test, 

thus requiring the activation of different areas of the brain in order to maintain 

performance. Reaction time and the number of errors during the counting Stroop test did 

not change between trials, which may question the validity of using the Stroop tests to 

measure changes in cognitive function and fatigue.

8.3 COGNITIVE FUNCTION

Upon closer examination of the Stroop colour-word test and counting Stroop test, the 

results suggest that these tests may not have been appropriate for demonstrating a change 

in brain 5-HT activity. Other studies using the Stroop colour-word test together with other 

tests of cognitive function have also encountered difficulties in attributing changes in 

cognitive performance or function to changes in perception of fatigue (Blomstrand et al, 

1988, 1991a, 1991b, 1997; Hassmenetal., 1994; Stiuder et al., 1998).

It was hypothesised in the Trp feeding and f-MRI chapter that an increase in plasma f-Trp 

concentration may lead to an increased rate of brain 5-HT activity, which may have led to 

increased feelings of lethargy and fatigue. However, cognitive tests requiring attention, 

accuracy and speed may not be a sensitive measure of increased perceptions of fatigue.
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Although the Stroop colour word test has been used extensively, it may not be a good 

indicator of 'central fatigue', since from Chapter 4 it is evident that subjects demonstrated 

a learning effect, despite the literature reporting that it does not (MacLeod et al., 1991). 

Most studies have concentrated on using cognitive tests to detect a change in cognitive 

performance. Although these can provide a broad picture in combination with the other 

indirect markers of central fatigue, they do not establish if it is the increased perception of 

fatigue due to increased rate of brain 5-HT synthesis that leads to the earlier onset of 

fatigue.

8.4 RECOMMENDATIONS FOR FURTHER 

RESEARCH

Although the measurement of venous concentrations of f-Trp and PRL adopted in the 

present thesis gives an indication of the synthesis or release of the measured variable, there 

are ways that may better indicate synthesis and uptake. For example, it may be more 

representative of what is occurring in the brain if blood samples could be taken from one of 

the mam arteries and vein in the neck, as opposed to relying on blood samples taken from a 

single ante-cubital vein.

The fact that orally ingesting L-Trp caused a significant change in brain activation pattern 

warrants further investigation. There are undoubtedly many ways in which f-MRI of the 

brain could be employed to investigate the effect of changes in venous concentrations off- 

Tip.

8.5 CONCLUSION

The aim of this thesis was to explore the relationship between the two predominant 

peripheral indices of brain 5-HT activity. The two main indices used in this thesis were the 

venous concentrations of f-Trp and PRL.

The major findings were an increased plasma f-Trp concentration after prolonged cycling 

in normobaric hypoxia at an absolute exercise intensity and also after L-Trp ingestion.
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These increases were not accompanied by an increased venous concentration of PRL. 

High-intensity exercise lasting 30 s caused a decrease in plasma f-Trp concentration, 

whereas serum PRL concentration did not change. Based on these findings it appears that 

brain 5-HT activity may not be affected by a single 30 s bout of maximal cycling.

However, the increased f-Trp concentration in those exercising in normobaric hypoxia at 

an absolute exercise intensity and those receiving an oral L-Trp dose may have led to an 

increased rate of 5-HT synthesis occurring within the brain. In addition, there was an 

increased activation in the areas known to house the serotoninergic neurones, which may 

provide some evidence that an increased rate of brain 5-HT synthesis occurred. Further to 

this, a unique pattern of brain activation was also observed in those performing the 

counting Stroop test when subjects received oral L-Trp.

Although the increased plasma concentration of f-Trp indicated a possible increase in brain 

5-HT activity, due to its ability to be influenced by several other factors, venous PRL 

concentration may not have been a suitable peripheral indicator of brain 5-HT activity. As 

a result, a clear relationship could not be identified between these two peripheral measures 

of brain 5-HT activity. The present thesis has therefore challenged the use of serum PRL 

and the Stroop tests as reliable indicators of brain 5-HT activity. In light of the novel 

approach to using f-MRI of the brain following L-Trp administration, more research is 

required in order to apply these techniques to investigating serotoninergic activity in the 

exercise-based setting.
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L-TRP ADMINISTRATION 

SUBJECTS

Two healthy female subjects gave informed consent for this pilot study.

EXPERIMENTAL PROTOCOL

LABORATORY MEASUREMENTS AND PROCEDURES

Subjects attended the laboratory following a 10 h overnight fast and had refrained from 

consuming alcohol, caffeine and undertaking physical exercise for 48 h prior to testing. 

Immediately after the cannulation of a forearm vein, subjects ingested t-Trp based on their 

total body mass measured upon arrival to the laboratory. This equated to 30 mg.kg" 1 L-Trp 

and was mixed in 200 ml of water. Subjects were instructed to drink the solution in under 1 

min and the stopwatch was then started.

PHYSIOLOGICAL PARAMETERS 

VENOUS BLOOD COLLECTION AND ANALYSES

Subjects were cannulated while they lay in a supine position according to the procedure 

outlined in Chapter 2. Immediately after cannulation subjects sat up for 30 min before 

baseline measurements were taken. Serum concentrations of f-Trp were measured at 15 

min intervals after the ingestion of L-Trp. Blood was collected into chilled lithium heparin 

containers and placed on ice until the end of collection. Samples were then analysed for 

plasma f-Trp concentration according to the methods outlined in Chapter 2.
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RESULTS

Plasma f-Trp concentration showed a tendency to increase during the first 30 - 45 min and 

peaked at 60 min.

Figure The plasma f-Trp concentration of 2 subjects in response to an oral dose of L-Trp 

(SOmg-kg 1 )

15 30 45 60 75
Time (min)

90 105 120
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TEMPLATE FOOD DIARY

I

NUTRI 
CHECK
Your Personal Food Diary

HEALTH OPTIONS LTD
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Your Eating Habits
Eating and drinking are essential activities in your daily life. Most experts now agree 
that it is important for you to have a balanced diet, that is one which includes all the 
important nutrients in the correct quantities and proportions. However, it is difficult for 
you to assess whether the food that you eat provides you with all the nutrients necessary 
for optimum health, or, indeed, if your existing diet is potentially harmful to you. For 
example, poor dietary habits have been linked to the increased prevalence of many of 
the so-called 'western killer diseases'.

Dietary Analysis Service
The aim of the service is to provide you with an opportunity to evaluate the nutritional 
balance of your own food intake. All the information that you provide undergoes 
sophisticated computer analysis. In return you receive a report together with clear 
recommendations on how to bring your diet into line with the healthy ideal. In order to 
perform the analysis, we need information on your existing eating habits. To provide 
this you will need to fill in both sides of this form. Before commencing, it is essential 
that you read the instructions below carefully.

Instructions
1. It is vital that you fill in both sides of this form. First of all complete 

the twenty-five questions in the section marked questionnaire. Then 
in the section marked personal food and drink record enter everything 
that you eat and drink over the next seven days. Continue with your 
normal eating and drinking habits so that we can make an accurate 
assessment of your usual diet.

2. Each day in the boxes marked breakfast, lunch, and dinner, enter all 
foods eaten during those meal limes. If you do not know the exact 
weight of the foods you have eaten, then describe the amounts in 
portion sizes i.e. small, medium or large (S, M, L). (See example.)

3. In the boxes marked snacks, enter any foods eaten outside 
main meals. m

4. In the boxes marked drinks, enter all beverages including 
alcoholic drinks. It is important to specify as accurately as 
possible the type of drink and the actual quantity consumed.

5. Return the completed dietary questionnaire

We can only provide an evaluation a'sjccurate as the information 
you supply to us.
If we feel that your food and drink record is insufficiently 
complete we will return the questionnaire and ask you to re- 
submit it.

Health Options Ltd., Freepost GL 1059
Globe House, Love Lane, Clrencester, Glos. GL7 1BR.
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PILOT STUDY - HIGH-INTENSITY EXERCISE AND PRL 

SUBJECTS

Five healthy and physically active male subjects with mean values (± 1 SD) for age and 

body mass of 28 ± 7 years and 85.4 ± 21.6 kg respectively, gave informed consent for this 

pilot study.

EXPERIMENTAL PROTOCOL

LABORATORY MEASUREMENTS AND PROCEDURES

Subjects attended the laboratory following a 12 h overnight fast. Subjects had refrained 

from consuming alcohol, caffeine and undertaking physical exercise for 48 h prior to 

testing. The 30 s high-intensity cycle test started with a 5 s countdown, the subjects then 

began pedalling maximally and the load was applied.

CALCULATION OF THE RESISTIVE FORCE

Resistive force was calculated at 100 g per kg of total body mass, which was recommended 

by Bar-Or (1987) and the ACSM guidelines for testing of games players. Indices of 

performance were calculated from flywheel revolutions using a computerised data capture 

system (Coleman, 1996). Power output (inertially corrected) and pedal rates were recorded 

using an optically based data capture system.

PHYSIOLOGICAL PARAMETERS 

CAPILLARY BLOOD ANALYSES

Capillary haemoglobin and packed cell volume concentrations were measured immediately 

before and 15, 45 and 60 min after exercise according to the methods outlined in Chapter

2.
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VENOUS BLOOD COLLECTION AND ANALYSES

Subjects were cannulated while they lay in a supine position according to the procedure 

outlined in Chapter 2. Immediately after cannulation subjects sat up for 30 min before 

baseline measurements were taken. Serum concentrations of prolactin were measured at 

the same time points as above. After the cessation of exercise the subject dismounted the 

cycle ergometer and remained in a seated position until 60 min after exercise and the final 

blood sample was collected.

Values expressed for venous concentrations of prolactin were corrected for plasma volume 

changes using the method of Dill and Costill (1974) also outlined in Chapter 2.

STATISTICAL ANALYSES

A one-factor within subjects (repeated measures) analysis of variance was used to test for 

main effects of within subjects factors. In the event of a main effect a Dunnetf s post-hoc 

test was performed to examine the pair-wise multiple comparisons (between time-points). 

The Dunnett's post-hoc test allows the latter time-points (post-exercise to 1 h post 

exercise) to be compared with the pre-exercise (baseline) measurements.

RESULTS

Serum prolactin, corrected for plasma volume did not change immediately post or up to an 

hour after 30 s of high-intensity exercise.

Table Mean serum concentrations of prolactin before, and 15, 45 and 60 min after exercise 
Variable Pre 15 min 45 min 60 min

Prolactin 156.2± 181.6± 170.8± 164.2± 

(ulU.ml 1) 64.9 89.3 50.5 53.8
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FMR1B CENTRE - Research MRI Safety Screening Form (Confidentian

Name: Date of Birth _(date/month/year)

Weight: Ethical Approval No: < office use)_

MRI (Magnetic resonance imaging) does not involve the use of ionizing radiation, and there are no 
known side effects. However, magnetic fields and radio-frequency waves are used, so it is very 
important that we know if you have, or have had. any of the following:

Questions Yes ! No

Heart Pacemaker
Artificial heart valve, or any heart operation
Operation(s) on your head or brain
Aneurysm clip(s) (metallic clips in/on the brain)
Have you ever worked with metal i.e. grinding/machining/welding
Have you EVER had metal injury to or around the eyes i.e. shavings/shrapnel 
(If you are unsure, choose 'YES')_________________________
Eye prosthesis or implant
Metallic injury to anywhere on your head or body
Internal ear implant(5) e.g. cochlear implant
Hearing aid(si
Denture plate, dental bridge or other metallic dental work (Not incl. fillings)
Implanted dc\ ice(s) e.g. nerve stimulator, pump etc. 
Artificial limb(s) or prosthesis of any kind _ 
Tattoo(s), Tattooed eyeliner or body picrcing(s)
Any operation involving metallic rods.pins/plates/scrcws/wires etc.
Any operation in the last 3 months
Any serious accident e.g. road traffic accident, explosion injury
Surgical procedure of any kind 
Please list them here..................

Additional questions for Women only

t Sterilization operation !
[ Intrautenne device (IUD)
Contraceptive diaphragm

Pregnancy

_Is there any possibility that you are, or may be. pregnant0

I have had the MRI scanning procedure and it's risks explained to me and agree to have a 
MRI examination. I understand that it is not a diagnostic scan, but if any unusual findings 
are noted incidentally. I will be contacted to discuss any appropriate follow-up.

Volunteer's Signature _______________________________________

Researcher's Radiographer's Signature Date

NOTE - If you have answered 'YES' to any question(s) please inform us before you attend




