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ABSTRACT

Exercise training is known to reduce resting blood pressure; how ever, the 

underlying mechanisms have yet to be fully elucidated. The main objective of this 

thesis was to investigate the effects of exercise in two param eters known to be 

dysfunctional when resting blood pressure is elevated; the sym pathetic nervous 

system and endothelial function. To achieve this, tests o f sympathetic activation and 

markers of endothelial function were measured in response to acute exercise, short

term training and long-term training in young and older subjects.

Correlation studies across all subjects showed a highly significant negative 

correlation between resting systolic or diastolic blood pressure and aerobic fitness. 

W ithin the unfit population, the age-related increase in blood pressure was correlated 

with maximal aerobic fitness. Within the middle-aged population, the training-related 

reduction in diastolic blood pressure was also correlated with fitness levels.

In young subjects, regular exercise training caused a blunting of cardiovascular 

responses in responses to stressor tests that were both exercise-related (a sustained 

handgrip) and exercise-unrelated (mental arithm etic and the cold pressor test), 

suggesting that training results in a non-specific blunting of sympathetic activation. A 

similar effect was seen after only 5 weeks of moderate aerobic training. By contrast, 

blunting of sympathetic activation was not apparent in an older population of trained 

athletes. However, training did reverse the age-related increase in sympathetic drive 

and the age-related decline in parasympathetic tone. W hen stressor responses were 

measured before and after acute exercise, no duration or intensity of exercise was 

found to blunt cardiovascular responses. Thus, the downregulation of sympathetic 

activation in young subjects is dependent on chronic exercise. Sim ilarly, acute 

exercise was not found to blunt post-exercise resting blood pressure, except when pre

exercise resting blood pressure was slightly higher than normal.

Young trained subjects exhibited significantly greater forearm  vasodilator 

responses in response to 3 min tissue ischaemia (reactive hyperaemia) than untrained 

controls, and a similar increase in reactive hyperaemia was seen after only 5 weeks 

training. A comparison of reactive hyperaemic responses between young and middle- 

aged unfit men showed there was no age-related decline in endothelial dilator 

function. However, when fit and unfit m iddle-aged subjects were com pared, no 

training-induced enhancement of vasodilator capacity was seen. This suggests that 

ageing is associated with a reduction in the capacity for endothelial dilator processes 

to be upregulated.

Training in the young population was associated with an increase in circulating 

endothelial cells (CECs) and CEC numbers correlated significantly with maximum
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aerobic fitness levels, suggesting that training in a young population causes an 

increase in endothelial cell turnover. There was also a tendency for CECs to be 

increased after short-term  training. To assess whether this involved a degree of 

endothelial damage occurring during exercise, markers of endothelial damage were 

m easured before and after a single bout o f exhaustive exercise. P lasm a 

thrombomodulin concentration was raised in all subjects after acute exercise and fit 

subjects also increased plasma von W illebrand factor concentration post-exercise. 

Furthermore, the increases in both plasma markers post-exercise were correlated with 

fitness levels.

CECs were also increased in older subjects and a positive correlation was found 

between increasing age and CEC numbers. However, CECs were not increased any 

further with training in the m iddle-aged population. Further differences between 

young and m iddle-aged fit subjects were seen in the endothelial response to acute 

exercise. While young fit subjects increased markers o f endothelial cell damage post

exercise, older trained subjects did not respond in a sim ilar manner, and instead 

increased CECs post-exercise. This response could involve a decrease in density or 

sensitivity o f flow sensors with ageing, or an impairment o f the intracellular signalling 

that bring about responses to shear stress, and may also explain why dilator 

mechanisms are not upregulated in older trained subjects.
In conclusion, a marked variation in the responses of young and older subjects to 

acute exercise and exercise training has been highlighted by this work. Beneficial 

aspects of exercise such as sympathetic blunting and improvements in endothelium- 

dependent dilator function were not seen in a m iddle-aged population of trained 

subjects. However, training did appear to reduce peripheral sympathetic activity and 

improve vagal tone. These results emphasise that training-induced adaptations in a 

young population will not necessarily be apparent in older or diseased individuals, 

and that further investigations are required in these populations to fully appreciate the 

effects of training in reducing cardiac disease.
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1 Introduction

Since a report in 1953 on heart disease and physical activity, the health benefits 

of regular physical activity have been widely studied and documented (Morris et al., 

1953). There is a general consensus that sedentary lifestyles are associated with more 

cardiac events; indeed, physical inactivity was declared a risk factor for heart disease 

in 1992 (Fletcher et al., 1992). One of the most important consequences of exercise 

training is a variety of cardiovascular adaptations that result in reduced resting blood 

pressure. It is the reduction in blood pressure that is likely to underlie the decrease in 

cardiovascular disease with training, since elevated resting blood pressure is a major 

risk factor. For these reasons, exercise is increasingly suggested as a therapeutic aid 

for patients with hypertension. To date however, the mechanisms that underlie the 

anti-hypertensive effects of exercise remain poorly understood. The main research 

theme of this thesis was to examine the effect of exercise and exercise training in two 

areas that arc known to be dysfunctional and lead to increased blood pressure; the 

sympathetic nervous system (SNS) and the endothelial layer. The object of this 

introduction is to firstly outline the current knowledge in relation to acute exercise 

and chronic training in these areas, to then discuss the contributions o f SNS 

overactivity and impaired endothelial function to hypertension and cardiovascular 

changes seen with ageing, and finally, to give background on the tests used to 

examine these areas.

1.1 Acute Exercise

The dem ands o f an acute bout o f dynam ic exercise require an increase in 

cardiovascular activity to deliver oxygen and nutrients to the working muscle. This is 

brought about by an increase in cardiovascular activity initiated from the cerebral 

cortex known as central command, and as a result of peripheral afferent information. 

Parasympathetic withdrawal provides the initial increase in heart rate to increase 

cardiac output (up to about 100 beat.min ', Rowell & O ’Leary, 1990), but when this 

becomes insufficient, sympathetic activity is increased. An increase in cardiac 

sym pathetic stim ulation causes further increases in heart rate, and also cardiac
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contractility. In combination with increased cardiac pre-load, cardiac sympathetic 

stim ulation results in an increase in stroke volume. Peripherally, arterial vascular 

resistance falls in regions o f exercising m uscle, and selective sym pathetically 

mediated vasoconstriction occurs in non-active muscle groups and splanchnic organs 

in order to redistribute blood to the active tissue. Thus, the cardiovascular 

consequences of acute dynamic exercise include increased heart rate, systolic blood 

pressure, stroke volume and decreased peripheral resistance.

1.1.1 Sympathetic nervous activity during acute exercise

The SNS plays a critical role in regulating and adjusting the cardiovascular 

system and blood pressure. Sympathetic nerves stimulating the heart help to control 

heart rate and contractility, and sympathetic nerves innervating resistance vessels help 

to control cardiac output, vascular tone and blood pressure. A dditionally, SNS 

stimulation of the adrenal medulla releases adrenaline into the circulation, which can 

further increase heart rate, and cause vasoconstriction or dilation. Activation of the 

SNS during exercise brings about an increase in heart rate and stroke volume, and 

differential vasoconstriction to non-muscular tissues, especially abdominal viscera in 

order to redistribute blood flow to the active m uscles. The m ost im portant 

consequence of these effects o f the SNS is an increase in arterial blood pressure, 

which increases perfusion pressure.

Traditionally, the involvement of the sympathetic nervous system during exercise 

was thought to be confined to vasoconstriction to non-muscular tissues, with muscle 

vascular resistance being controlled by the level o f locally produced dilator 

metabolites. However, recent studies involving blockade of sympathetic processes 

show convincingly that, during activation o f large muscle groups, there is also 

sympathetic limitation of muscle blood flow (Rowell, 1997; Saltin et al., 1998). By 

contrast, there does not appear to be sympathetic limitation of local flow when only a 

small muscle group is activated (Tschakovsky & Hughson, 1999), suggesting that 

activation of sympathetic drive to muscle occurs only when the exercise implications 

for total peripheral resistance become extrem e. A dditionally, during one-limbed 

rhythmic exercise, there is an atropine-sensitive vasodilation seen in the contralateral 

limb (Eklund & K aijser, 1976; Sanders et al., 1989; D ietz et al, 1997). This is 

presum ably mediated through the same pathways as are responsible for arousal-
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related cholinergic dilatation in anticipation of movement (Blair et al., 1959; Allwood 

et al., 1959). This atropine-sensitive dilation persists to the end o f a fatiguing 

exercise bout, when it constitutes around 60% of the total hyperaemic response (Dietz 

et al., 1997). Since unilateral activation is not usual in autonomic reflexes, it is likely 

that a similar persistent cholinergic dilator effect occurs also in the exercising limb. 

As well, a recent report by W unsch et al. (2000) showed that the time-course of the 

increase in muscle blood at the start of exercise is too rapid (1-2 s) to be caused by the 

release of metabolic vasodilators (>4 s).

Thus, sympathetic activation during exercise appears to be widespread, involving 

increased cardiac activity, and also sym pathetically-m ediated vasoconstriction and 

vasodilation in the periphery.

1.1.2 Acute exercise and the endothelium

The endothelial lining plays a pivotal role in the regulation of vascular tone (see 

G erritsen, 1987, Cines et al., 1998; Sherman, 2000 for reviews). By the release of 

vasoactive substances such as nitric oxide (NO) and endothelin, endothelial cells 

cause relaxation and contraction of the underlying smooth muscle respectively. Much 

research has been carried out looking at the effects of acute exercise on endothelial 

cells. Increased blood flow and blood pressure during exercise causes a variety of 

structural and humoral changes within the endothelial cell, which has been become 

known as the ‘stress shear hypothesis’.

S im ulated m odels o f exercise involving increased fluid shear stress on 

endothelial cell cultures have revealed much on the effects o f exercise on the 

endothelial lining. It is known that increased blood flow acts on the apical surface of 

endothelial cells at cell-surface structures that act as flow sensors (Barakat, 2001). 

The resulting responses include a variety of changes within the cell including K”" 

channel opening (Olesen et al., 1988), increased intracellular Ca^^ (Jen et al., 2000), 

increased prostacylin  release (H anada et al., 2000), increased  lym phocytic 

transendothelial migration (Cinamon et al., 2001), and upregulation of a variety of 

endothelial receptors (Cheng et al., 1999).

One of the most widely docum ented effects o f acute shear stress is a rapid 

increase in NO production (Bode-Boger et al., 1994; Shen et al., 1995; Jungersten et 

al., 1997). Original work suggested that NO synthesis was increased in response to
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the intracellular increase in Câ "̂ , which is an essential cofactor of NO synthase (NOS) 

(see M cAllister, 1995). More recently however, independent pathways of NO 

production have been identified involving phosphorylation of NOS on serine residues 

by protein kinase B (Dimmeler et al., 1999a; Fisslthaler et al., 2000), and activation 

o f NOS by tyrosine kinase pathways (Ungvari et al., 2001).

As discussed in section 1.1.1, the increase in blood flow to exercising muscle 

may be brought about by active cholinergic dilation, but in general, this response is 

prim arily m ediated by m etabolic changes within the exercising m uscle. More 

specifically, it has been shown that exercise hyperaemia is endothelium -dependent, 

since increases in blood flow are impaired after endothelial disruption (Pohl et al., 

1986). M any studies have investigated the mechanisms responsible for exercise 

hyperaem ia. Potential m ediators o f exercise-induced  vasod ilation  include 

hyperpolarisation of endothelium  by the stretch-induced activation of potassium  

channels (Olesen et al., 1988), the release of dilator substances such as prostaglandins 

and adenosine, or as a result of acetylcholine spillover from motor nerves (Joyner & 

H alliw ill,2000).

Recently, it has been suggested that exercise hyperaem ia is mediated by the 

increased release of NO from endothelial cells during exercise (Rubanyi et al., 1986; 

Shen et al., 1995). However, reports in this area are not consistent. Wilson & Kapoor 

(1993) suggested that while NO is important in maintaining blood flow at rest; it is 

not involved in arteriolar dilation produced during exercise. Similarly, Radegran & 

Saltin (1999) reported that NO only plays a role in vasodilation during recovery from 

exercise, and not in muscle blood flow during an exercise bout. Further evidence that 

casts doubt on the role o f NO in exercise-induced vasodilation is that this response is 

preserved in hypercholesterolemic patients despite impaired acetylcholine-induced 

vasodilation (Duffy et al., 1999a). As NO has been found to modulate oxygen 

extraction and usage during exercise (Shen et al., 2000), the function o f increased NO 

production may relate more to cellular respiration regulation. Thus, endothelium- 

dependent vasodilator m echanisms other than NO are likely to be im portant in 

exercise-mediated hyperaemia.
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1.1.3 Post-exercise hypotension (PEH)

After an acute bout of exercise, there is reported to be a period of reduced resting 

blood pressure known as PEH. PEH is associated with a reduction in peripheral 

resistance and sympathetic output. Evidence for reduced sympathetic drive includes 

findings of decreased total peripheral, forearm  and hand vascular resistance, and 

decreased plasm a catecholam ines (Cleroux et al., 1992). Floras et al. (1989) also 

dem onstrated that peroneal sympathetic nerve activity was decreased with subjects 

displaying PEH, and furtherm ore, when PEH was not seen, sympathetic discharge 

was unchanged. In addition, Halliwell et al. (1996) found that the relation between 

sympathetic activity and vascular resistance was reduced post-exercise, indicating less 

vasoconstriction with any increase in sympathetic activity.

The mechanisms involved in reducing sympathetic drive post-exercise have yet 

to be fully elucidated. Hara & Floras (1995) found that the hypotension and reduced 

peripheral resistance after whole-body exercise could be prevented by administration 

of naloxone, suggesting central opioid pathways to be im plicated. It has been 

previously shown that prolonged stimulation of somatic afferents, as would be seen 

during exercise, activates opioid and serotonergic systems (Yao et al. (1982), and an 

increased concentration o f serum opioids has been shown after physical exercise in 

rats (Debruille et al., 1999). A lternatively, animal work has shown that cardiac 

afferent blockade inhibits PEH (Collins & DiCarlo, 1993) and that cardiac afferent 

blockade also increases renal sympathetic activity (DiCarlo & Bishop, 1990). This 

suggests that enhanced influence o f cardiac afferents m odulates post-exercise 

reductions in sympathetic outflow.

Reports o f a reduced SNS activity post-exercise are not consistent. Hara & 

Floras (1995) found that PEH and reduced peripheral resistance after whole-body 

exercise were not associated with a fall in sympathetic discharge in the median nerve. 

Piepoli et al. (1993) also reported that PEH and reduced vascular resistance were 

actually associated with elevated sympathetic nerve activity, and also with elevated 

plasma renin. Similarly, Halliwell et al. (1996) found that while moderate dynamic 

exercise reduced peripheral resistance and blood pressure, heart rate and plasm a 

noradrenaline were both elevated. Thus, the contribution o f reduced descending 

sympathetic drive post-exercise remains questionable.
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Intuitively, one m ight expect the duration of PEH to be correlated with the 

intensity or duration of the initial exercise, but no such correlation can be drawn from 

the existing literature. In fact, the reduction in blood pressure seems to be 

independent of the length or intensity of exercise (Forjaz et al., 1998; MacDonald et 

al., 1999; MacDonald et al., 2000a), whether it is dynamic or resistive (MacDonald et 

al., 1999) or the muscle mass undertaking the exercise (MacDonald et al., 2000b). A 

variety of different exercise protocols have all been reported to induce similar (<3hrs) 

periods of hypotension with no greater amounts o f work done by the subjects in 

whom more prolonged hypotension was claimed. This could suggest that there is 

some unique factor common to all forms o f exercise tested which underlies PEH, or 

alternatively, it could suggest that the failure for hypotension to be reversed over a 

prolonged period may be artefactual and due to subjects having had non-resting blood 

pressures prior to exercise. It seems unusual that there is no exercise protocol 

reported by the MacDonald group that does not elicit an immediate decrease in resting 

blood pressure.

Further issues regarding PEH concern different studies reporting vastly different 

durations of PEH. In many experiments blood pressure and peripheral resistance 

return to their pre-exercise baselines over of the order of 2-3 hrs, but isolated reports 

exist of considerably longer periods of sustained reductions (see Kenney & Seals, 

1993). The exact time course of PEH rem ains uncertain because monitoring is 

generally discontinued after 1-2 hours. Attempts to establish whether PEH persists in 

daily life have revealed conflicting results. From blood pressure measurements made 

at home after PEH was induced in the laboratory, Somers et al. (1991) did not find 

that PEH was sustained in either normotensive or hypertensive subjects from 2-12 

hours post-exercise. Sim ilarly, Hara & Floras (1995) reported that after subjects 

(norm otensive and hypertensive) left the laboratory, am bulatory pressures were 

increased above that seen at rest or post-exercise. However, Wallace et al. (1999) did 

see a sustained decrease in systolic pressure for 11 hours and in diastolic pressure for 

6 hours in hypertensive patients, but no change in 24-hour ambulatory pressure for 

norm otensive subjects. Sim ilarly, M acD onald et al. (2001) reported that PEH 

persisted during simulated activities o f daily living (for up to 100 min post-exercise), 

and furthermore, that blood pressures during these activities were reduced compared 

with pre-exercise trials.
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Finally, while studies confirming PEH are widespread, some reports exist that do 

not confirm  a decrease in blood pressure post exercise (Floras & Senn, 1991; 

Pescatello a/., 1991; Cleroux e? a/., 1992; Wallace e /a /. ,  1999). Floras er a/. (1989) 

found that PEH was not observed in all subjects, and in those where blood pressure 

was not reduced, sympathetic discharge was unchanged. Similarly, in a later study. 

Floras & Senn (1991) did not find prior exercise to have an effect on systolic, 

diastolic or muscle sympathetic nerve activity (MSNA) in healthy volunteers. A 

recent large study by Forjaz et al. (2000) revealed that falls in blood pressure post

exercise were dependent on individual characteristics such as weight, body mass 

index, resting blood pressure and gender. This is in agreement with the finding that 

PEH is consistently observed in hypertensive subjects (H agberg et al., 1987; 

Pescatello et al., 1991; Cleroux et al., 1992; Wallace et al., 1999).

In conclusion, when PEH occurs, it is likely to involve a decrease in sympathetic 

drive, and this may occur preferentially in subjects where sympathetic activity is 

already elevated. O ther factors such as gender, and body mass may be important. 

There are some questions that need to be addressed, nam ely w hether PEH can 

consistently be evoked in normotensive subjects and how much exercise is required to 

cause PEH.

1.1.4 Summary

During acute exercise, afferent inform ation from the exercising muscle and 

central com mand from the motor cortex bring about an increase in sympathetic 

activation. This involves an increase in cardiac sympathetic activity to increase heart 

rate and contractility, and an increase in peripheral sympathetic activity to inactive 

muscle beds and splanchnic organs in order to redirect blood flow to active muscle. 

In addition, sym pathetically mediated vasodilation and vasoconstriction may be 

im portant in regulating active muscle blood flow during exercise. The effects of 

increased blood pressure and blood flow have a stim ulatory effect on endothelial 

cells, leading to increased production of dilator substances.

Post-exercise is believed to be associated with a period o f reduced blood 

pressure; however, further studies may be required to establish this response.
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1.2 Cardiovascular responses to exercise training

W ith regu lar dynam ic exercise, a variety  o f structura l and functional 

cardiovascular adaptations are seen. These changes include reduced resting heart rate 

(Ekblom et al., 1968), elevation of blood volume (Greenleaf et al., 1981), eccentric 

hypertrophy of the ventricular myocardium (Roeske et al., 1976), and increased stroke 

volum e (Ekblom  et al., 1968). Resting vasom otor sym pathetic outflow  is also 

reported to be decreased in the trained state (Grassi, 1994; M cAllister, 1998), and is 

associated with reduced resting peripheral resistance. Structural adaptations o f the 

vascular tree include increased arterial cross-sectional areas, increased capillary 

length and density, and higher vascular compliance (see Huonker et al., 1996). These 

responses are thought to be attributed to the stimulatory effects of shear stress during 

acute exercise, which also improves endothelium -dependent vasodilator function 

(Kingwell et al., 1996; Bank et al., 1998; Higashi et al., 1999). Reductions in resting 

blood pressure accompanying exercise training are likely to involve a combination of 

these adaptations.

1.2.1 Training bradycardia

One o f the most easily recognisable characteristics o f athletes is a marked 

reduction in resting heart rate, and the mechanisms responsible are frequently cited as 

involving the autonomic nervous system (Scheuer and Tipton, 1977). There are three 

possible explanations that could account for training bradycardia; a decrease in the 

intrinsic HR, an increase in parasympathetic activity, or a decrease in sympathetic 

activity.

A variety o f techniques have resulted in various com binations o f these three 

factors. Dual-blockade using atropine and propanolol have revealed a lower intrinsic 

heart rate in athletes (Katona et al., 1982). However, using a similar technique. Smith 

et al. (1989) found bradycardia to result from a combination of lower intrinsic HR, 

increased parasympathetic activity and lower sympathetic influence. Using spectral 

analysis. Shin et al. (1997) found that endurance training resulted in increased vagal 

activity. Similarly, Costa et al. (1991) found athletes to have a clear dominance of 

parasym pathetic activity w ithout any reduction in sym pathetic tone. In contrast, 

Furlan et al. (1993) report a high level of parasympathetic activity in combination 

with high levels o f sym pathetic activity  in athletes using spectral analysis.
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Respiratory sinus arrhythmia, the heart rate variation associated with breathing which 

is generally accepted as being a good index of vagal activity, has been used to show a 

close relationship between aerobic power and resting vagal tone (Kenney, 1985). 

Overall, it appears the contribution of increased vagal influence over heart rate is most 

consistently observed.

The mechanisms that bring about alterations in cardiac autonomic balance post

training are not fully understood. Bradycardia associated with fitness is generally 

held to be secondary to increased stroke volum e, resulting from  the eccentric 

ventricular hypertrophic response to chronic cardiac preload (Roeske et al., 1976). 

However, in a cohort of previously sedentary subjects, 6 weeks of regular, moderate 

aerobic exercise was found to be sufficient to produce a substantial lowering of 

resting heart rate (O’Sullivan & Bell, 1999), although moderate training programmes 

o f up to 10 weeks duration have not been shown to produce significant structural 

cardiac hypertrophy (McDonald et al., 1993). This supports the view that functional 

factors must also contribute substantially to the bradycardic effect o f training. For 

example, training-induced hypervolaemia represents approximately an 8% increase in 

intravascular volume (Greenleaf et al., 1981). This is sufficient to cause continually 

elevated discharge from the low-pressure baroreceptors in the right atrium which are 

capable of causing reflex enhancements of vagal tone just as arterial baroreceptors do 

(Folkow & Neil, 1971). Similarly, strong ventricular distension excites ventricular 

receptors located at the apex of the heart, whose response is also to bring about strong 

vagal bradycardia (Folkow & Neil, 1971).

1.2.2 Training and sympathetic drive

Exercise training is associated with decreased resting total peripheral resistance, 

which is frequently cited as involving a reduction in sym pathetic drive. Animal 

studies have shown a decrease in sympathetic nerve activity to the kidneys (DiCarlo 

& Bishop, 1990; Negrao et al., 1993). In hum ans, training has been shown to be 

associated with a decrease in plasm a catecholam ines (Barnard, 1975; Scheuer & 

Tipton, 1977). Furtherm ore, training reduces total plasm a noradrenaline spillover. 

This results primarily because of a decrease in renal and not cardiac noradrenaline 

spillover (M eredith et al., 1991). W hether training reduces M SNA rem ains 

equivocal. Grassi et al. (1994) performed a study that showed a decrease in MSNA
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after 12 weeks training that was correlated with the reduction in resting blood 

pressure. A more recent review how ever points out that more often, MSNA is 

reported to be unchanged by training (Ray & Hume, 1998). Thus, it could be 

speculated that reductions in sympathetic drive post-training may be confined to 

splanchnic organs.

The mechanisms underlying reduced sympathetic drive can be speculated upon. 

DiCarlo & Bishop (1990) have shown that the reduction in renal sympathetic nerve 

activity and blood pressure with training can be abolished by cardiac afferent 

blockade. This suggests that information from the heart mediates the reduction in 

sympathetic drive. This afferent information may arise as a result of stimulation of 

receptors within the heart as a result of training-induced blood volume expansion. 

This increase in blood volume represents around an 8% increase in intravascular 

volume (G reenleaf et al., 1981), which would be sufficient to cause continually 

elevated discharge from the low-pressure baroreceptors in the right atrium. Since 

atrial baroreceptor activation leads to profound withdrawal of sympathetic vasomotor 

tone (Tanaka et al., 1999), the consequent lowering of total peripheral resistance may 

be able to maintain resting blood pressure at a value slightly lower than before. In 

support of this, the reduction in cardiopulm onary baroreflex control o f forearm 

vascular resistance with training has been shown to be correlated with training- 

induced hypervolaemia (Mack et al., 1993). Other mechanisms may also be involved 

in the suppression of sympathetic drive. For exam ple, the release o f P-endorphins 

within the brain, which is known to occur post-training (Goldfarb & Jamurtas, 1997), 

may have a modulatory effect on sympathetic drive. Indeed, microinjection of opioid 

agonists into the depressor region o f the brain can lead to hypotension and 

bradycardia (Keay et al., 1997), and opioid receptors have also been implicated in the 

reduction in sympathetic drive seen in response to severe haemorrhage (Cavun et al., 

2001).

1.2.3 Training and the endothelium

While an acute exercise leads to an increase in NO production, chronic exercise 

causes an increase in basal production of NO. Animal studies have shown that 

regular training increased NO synthesis (Sun et al., 1994) and upregulated NOS 

mRNA (Sessa et al., 1994; Shen et al., 1995). Training has also been shown in rats to
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lead to an enhancement of vasodilator responses to acetylcholine (Chen & Liao, 1998; 

Yen et al., 1995; Johnson et al., 2000), and this has been shown to occur within as 

little as 4 weeks training (Delp & Laughlin, 1997). This improvement in vasodilator 

function was not found to result from an upregulation o f m uscarinic receptors 

implicated in vasodilation (Chen & Liao, 1998), but could be elim inated by L- 

NMMA, indicating its reliance on increased NO production post-training (Yen et al., 

1995; Johnson et al., 2000). However, NO may not be the only dilator substance 

involved in training-induced adaptations in endothelial function. A study by Chen et 

al. (1999) reported that the endothelium -dependent dilation post-exercise could be 

blocked by prostaglandin synthesis inhibitors but not by NOS inhibitors. Also, Koller 

et al. (1995) found that the augmentation of flow-dependent dilation in rat arterioles 

was prostaglandin-dependent, but in com bination with NO. In this study, dual 

inhibition o f NO and prostaglandin synthesis alm ost com pletely abolished the 

vasodilator response.

In human studies, Kingwell et al. (1997) showed that as little as 4 weeks forearm 

training increased basal production of NO in the forearm. Sim ilarly, greater NO 

production has been identified in athletes (Jungersten et al., 1997; Rodriguez-Plaza et 

al., 1997). It has also been shown that chronic exercise may improve endothelium- 

dependent vasodilation. Clarkson et al. (1999) showed an improvement in brachial 

artery diameter changes to forearm ischaemia after 10 weeks training, and Franke et 

al. (1998) showed an increase in exercise-induced vasodilation after forearm training. 

Some studies have also reported an increase in forearm  blood flow responses to 

acetylcholine (Kingwell et al., 1996; Bank et al., 1998; H igashi et al., 1999). 

Interestingly, in the Franke et al. study (1998), the forearm blood flow response to 

acetylcholine during exercise-induced vasodilation was not different before and after 

training, thus the training effects on multiple dilator mechanisms do not appear to be 

additive.

W hether the improvement in endothelium -dependent dilation is confined to the 

exercising muscle has yet to be clarified. Chen et al. (1999) found that the improved 

endothelium-dependent dilation post-exercise in rats was only seen in the hindlimb 

vasculature, but not the mesenteric artery. Similarly in hum ans, after one-armed 

training and in tennis players, an increase in endothelial function was seen in the 

trained arm only (Green et al., 1994; Green et al., 1996). H owever, reports of

1 1



improved dilator function have also been seen after training in the pulmonary artery 

(Johnston et al., 2000), the aorta (Delp & Laughlin, 1997) and in coronary vessels 

(Wang et al., 1993; M uller et al., 1994). Thus, the effects o f exercise training on 

endothelial function, at least in animals, appears to be widespread.

1.2.4 Training and reduced blood pressure

Comparison o f athletes and non-athletes show a reduction in resting blood 

pressure with training (Scheuer & Tipton, 1977; Halbert et al., 1997). It appears 

likely that this reduction results from decreased peripheral resistance as a result of 

decreased sym pathetic vasom otor drive, and enhanced production o f vasodilator 

substances from the endothelium, which decreases vascular tone. Indeed, Meredith et 

al. (1991) concluded that the decrease in renal sympathetic nerve activity seen was 

not sufficient to fully account for the blood pressure lowering effect o f training.

1.2.5 Sympathetic responses to exercise post-training

It is well docum ented that for any given absolute w orkload, the heart rate 

response to exercise is reduced in training individuals. Early work in the 1960s 

showed that dogs had significantly lower adrenaline responses to an exercise test post

training (Kaplinsky et al., 1968). Intravenous injections o f propranolol during 

subm axim al or m axim al exercise abolished this effect, im plicating decreased 

sympathetic activation post-training (Brundin & Cernigliaro, 1975). At the same 

time. W inder et al. (1978) showed in healthy subjects that exercise post-training was 

associated with a decrease in circulating adrenaline and noradrenaline. However, it 

must be noted that when looking at the catecholamine responses to relative amounts 

of dynamic exercise, there does not appear to be a difference between trained and 

untrained subjects (Greiwe e ta l.,  1999).

A reduced sym pathetic response to exercise is not dependent on subjects 

perform ing regular aerobic exercise. The sym pathetic response to whole-body 

resistance work has also been reported to be reduced by several months of resistance 

training (Fleck & Dean, 1987; M acDougall, 1985), and several studies have reported 

reduced pressor responses to forearm isometric exercise following handgrip training 

(Fleck & Dean, 1987; Somers et al., 1992). With regard to isometric exercise, it has 

been suggested that the effect of training is confined to the same muscle groups used
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to initiate the reflex, and involves reduced muscle chemoreceptor activation (Somers 

et al., 1992). However, work previous to this thesis found that the tachycardic 

response to forearm  exercise is substantially reduced in fit subjects relative to 

sedentary controls, and that this can be seen after only 6 weeks o f moderate cycle 

ergometry in previously unfit individuals (O ’Sullivan & Bell, 1999). Thus, it appears 

that modulation by training, at least of the heart rate component of this reflex, does 

not have to involve the same muscle groups as undertake the isometric exercise. In 

agreement with this, Fisher and White (1999) reported that after one-legged training 

there is similar attenuation o f pressor responses to isometric exercise performed in 

either the trained or untrained limb.

1.2.6 Training and cardiac control

Baroreflex control o f cardiovascular function may be affected by exercise 

training. In trained rats, intravenous injections o f phenylephrine and sodium 

nitroprusside showed an attenuation of baroreflex bradycardia and an increase in 

baroreflex tachycardia. The decrease in bradycardia was found to be mediated 

somewhat by a reduction in the efferent pathway of the baroreflex (see Krieger et al., 

1999). The baroreflex response of renal sympathetic nerve activity to a fall in blood 

pressure is also reported to be decreased post-training (DiCarlo & Bishop, 1988; 

Negrao et al., 1993). It has been further shown that this reduction in the baroreflex 

control of renal sympathetic nerve activity could be abolished by cardiac afferent 

blockade (DiCarlo & Bishop, 1990).

A reduced cardiac sympathetic response to depressor doses o f nitroprusside 

(Kingwell et al., 1992), and attenuated bradycardic responses to neck suction (Reiling 

& Seals, 1988) have been observed in humans after training. Similarly, attenuated 

heart rate and systolic blood pressure responses to phenylephrine responses were seen 

in endurance-trained athletes (Smith et al., 1988). The cardiopulmonary baroreflex 

control of forearm vascular resistance has also been shown to be diminished in trained 

subjects (Mack et al., 1987, Mack el al., 1993). This effect was shown to be inversely 

related to training-induced hypervolaemia (M ack et al., 1993), and may involve an 

increase in excitation of atrial low-pressure receptors as discussed in section 1.2.2. In 

contrast to these studies, Grassi et al. (1994) have shown that baroreflex control of 

MSNA post-training was enhanced when the baroreceptors were either stimulated or

13



unloaded. Trained subjects have also been found to have an enhancem ent o f the 

ability to reflexly increase heart rate with spontaneous changes in blood pressure 

(M cD onald et al., 1993), and an enhancem ent o f bradycardic responses to neck 

suction (Barney et al., 1988).

1.2.7 Summary

In sum m ary, training induced bradycardia appears to be prim arily due to 

enhanced vagal cardiac tone, with evidence for participation o f reduced sympathetic 

tone and an inherent reduction in intrinsic heart rate. Peripheral sympathetic activity 

also appears to be reduced by training, although it remains to be established whether 

this is confined to splanchnic organs and adrenoactivation, or whether MSNA is also 

affected. Baroreflex sympathetic control may also be attenuated post-training. Work 

previous to this thesis observed that in addition to blunted heart rate responses to 

isometric work, reflex heart rate responses to the Valsalva manoeuvre and to standing 

were altered in magnitude in athletes (O ’Sullivan & Bell, 1999), which could suggest 

that sympathetic activation is blunted post-training both in exercise-related, and 

exercise-unrelated situations. In addition to the effects of training on the autonomic 

nervous system , training appears to improve endothelial dilator function through 

increased synthesis of vasodilator substances. Together, these adaptations to training 

help reduce resting blood pressure.

1 -3 Essential hypertension

H ypertension  is d iagnosed  w ith resting  blood p ressu res g reater than 

140/90mmHg (Ramsay et al., 1999). About 20% of adults over 40 years (Brown, 

1997), and 50% of people over 60 years are hypertensive (Ram say et al., 1999). 

Hypertension is the most common cause o f stroke and renal failure in Britain and the 

US (Brown, 1997), and a risk estim ate suggests 1 in 6 stroke deaths, or 1 in 20 

coronary deaths would be averted by a population-wide reduction in diastolic blood 

pressure of only 2 mmHg (Rodgers et al., 2000). About 90-95% of hypertensive 

patients are said to have primary, or essential, hypertension. Essential hypertension 

(EH) can be considered a polygenic d isease, with a num ber o f physiological 

dysfunctions o f genetic bases. Some o f these dysfunctions include increased
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peripheral resistance, over-active renin-angiotensin systems, increased sympathetic 

activity and endothelial dysfunction (Beevers et al., 2001).

1.3.1 Essential hypertension and the sympathetic nervous system

An important characteristic of EH is a well-documented increase in sympathetic 

nervous activity, which parallels the increase in blood pressure (M ancia et al., 1993; 

Grassi, 1998). Increased SNS activity is not only a key factor in the development of 

hypertension, but also promotes its maintenance (Grassi, 1998; M ancia et al., 1999; 

E lser, 2000). For exam ple, the progression o f left ventricular hypertrophy is 

dependent on an increase in cardiac sympathetic drive, and arteriolar structural 

changes involve increased sympathetic innervation (see M ancia et al., 1999). In 

addition, sympathetic activation may increase the development of abnormalities such 

as insulin resistance (Jamerson et al., 1993).

Human research has shown direct and conclusive evidence o f increased 

sympathetic drive in EH by measurement of increased sympathetic nerve activity and 

increased noradrenaline spillover to the heart, kidneys and skeletal musculature (see 

Esler et al., 1990; Esler, 2000). Elevated sympathetic nerve activity has also been 

recorded in borderline hypertensive subjects (Anderson et al., 1989; Matsukawa et al., 

1991). In the offspring of hypertensive patients, catecholamine urinary excretion is 

increased despite normal resting blood pressure, which indicates that an increase in 

SNS activity is already detectable in normotensive children with a familial history of 

hypertension (Ferrara et al., 1988).

As well as elevated resting sympathetic drive, sympathetic hyperreactivity is a 

property of EH. In spontaneously hypertensive rats, mental stress was found to be 

associated with greater tachycardic and increased adrenal sympathetic responsiveness 

(Zhang & Thoren, 1998). Similarly, greater pressor and renal sympathetic nerve 

activity responses to stress have been observed in hypertensive rats (Li et al., 1997). 

In human studies, heart rate and blood pressure responses to stress have been shown 

to be exaggerated in hypertension (Drummond, 1983; M atsukawa et al., 1991; Itoh et 

al., 1995). This has been shown to involve an increase in MSNA and noradrenaline 

responses (M atsukawa et al., 1991), suggesting that sympathetic neural reactivity is 

exaggerated in response to stress. Furthermore, increased blood pressure responses to 

exercise stress, mental stress or a cold pressor test in normotensive subjects are said to
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be future predictors of hypertension (Chaney & Eyman, 1988; M enkes et al., 1989; 

M atthews et al., 1993). Thus, SNS hyperreactivity is present before the onset of 

elevated resting blood pressure, and may also be important in the development of EH 

(Matsukawa et al., 1991).

1.3.2 Essential hypertension and endothelial dysfunction

The endothelium plays a pivotal role in the regulation o f vascular tone (see 

G erritsen, 1987, Cines et al., 1998; Sherman, 2000 for reviews). By the release of 

vasoactive substances such as NO and endothelin, endothelial cells cause relaxation 

and contraction of the underlying smooth muscle respectively. NO release is largely 

responsible for resting vascular conductance, since limb blood flow is reduced by half 

with NO inhibition (Dakak et al., 1998; Duffy et al., 1999a). D ysfunction of 

endothelial cells is a widespread characteristic of virtually all cardiovascular diseases 

(Cines et al., 1998; Drexler, 1998).

EH is associated with a decreased bioavailability of NO (Dominiczak & Bohr, 

1995; Panza et al., 1993; Panza, 1997). This does not appear to be related to reduced 

availability of L-arginine, the NO precursor, (Panza, 1997), but may involve the 

balance between NO and the superoxide ion (McIntyre et al., 1999). Decreased NO 

production is likely to have a genetic basis, as normotensive offspring of EH patients 

also show impaired basal NO synthesis (M cAllister et al., 1999), and an endothelial 

NOS gene variant has been shown to be positively associated with EH (Miyamoto et 

al.,  1998). The contribution o f im paired NO production to hypertension is 

demonstrated by the finding that NO inhibition in healthy humans increases mean 

arterial pressure by 10% and total peripheral resistance by 46% (Haynes et al., 1993).

In addition to reduced resting NO production, vasodilator capacity is impaired in 

EH patients. Impaired dilation has been shown in response to acetylcholine, but not 

in response to endothelium-independent dilators, indicating that this is an endothelial 

dysfunction rather than impairment o f smooth muscle function (Dominiczak & Bohr, 

1995; Li et al., 1997; M cAllister et al., 1999). Using NO inhibitors, it has been 

shown that this is related to an attenuation of stimulated release of NO (Panza et al., 

1993; Quyyumi et al., 1997). The basis o f this rem ains uncertain, as im paired 

vasodilator function has not is not been shown to result from  abnorm alities in 

intracellular signalling or defects in the muscarinic receptor (Panza, 1997).
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1.3.3 Training and hypertension

Physical training has been dem onstrated to induce appreciable reductions in 

resting blood pressure in patients with either mild or severe EH (Jennings et al., 1986; 

Fagard, 1995; Rahn et al., 1999), as well as attenuating the progressive elevation of 

blood pressure associated with peri-menopausal age in women (Seals et al., 1999). 

Indeed, the sum m ary points o f the m ost recent guidelines for hypertension 

management from the British Hypertension Society (Ramsay et al., 1999) begin with 

the use of non-pharmacological measures (weight reduction, regular exercise, limiting 

alcohol and reduced salt intake) for all hypertensive patients. Recent reviews and 

meta-analyses all support and encourage the use of exercise as a therapeutic aid, and it 

appears that mild to moderate exercise is as beneficial as more intense or frequent 

exercise (Petrella, 1998; Krieger et al., 1999; Kokkinos & Papademetriou, 2000).

To some extent, the hypotensive effects o f training may have a structural basis. 

Development of EH is associated with rarefaction of the microcirculation in a variety 

o f tissues (Boudier, 1999; V icaut, 1999) and it is possible that the increased 

vascularisation o f skeletal muscle that follows chronic muscle activity (Anderson & 

Henricksson 1977) may partly counteract this and so lead to reduced total peripheral 

resistance. As well. Seals et al. (1999) found that trained women exhibited less loss 

o f arterial com pliance during ageing than did untrained subjects, which would be 

com patible with a low ering o f systolic pressure. O ther beneficial structural 

adaptations with training include normalisation o f arterial wall-lumen ratios (Amaral 

et al., 2000) and regression of left ventricular hypertrophy (Hagberg et al., 2000).

Other, non-neural functional factors may also be involved in reducing blood 

pressure post-training. For example, Urata and colleagues (1987) found that physical 

training led to reduced plasm a volume in hypertensives w ithout altered sodium 

excretion, although the hormonal basis o f this remains unclear. Improvem ents in 

blood lipid profiles and an increase in insulin sensitivity may also be im portant 

aspects of training in EH (Hagberg et al., 2000). As discussed in section 1.3.3, 

studies have indicated that shear stress exerted by the bloodstream  can release a 

variety of vasoactive substances from the endothelium such as NO (Bode-Boger et al., 

1994; Shen et al., 1995; Jungersten et al., 1997), and that chronic increases in shear 

stress increases basal production o f NO (Kingwell et al., 1997). Such an adaptation
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could also contribute to the hypotensive effect of training. Recent reports have shown 

that regular exercise training increases endothelium-dependent vasodilator responses 

to acetylcholine infusion (Kingwell et al., 1996; Bank et al., 1998; Higashi et al., 

1999). To date, it has also been shown in spontaneously hypertensive rats that 

training increases vasodilator function by increasing NO production (Yen et al., 1995; 

Chen et al., 1999), and more recently, that reactive hyperaem ia was improved in 

patients with EH after 12 weeks of training, and that this was brought about by 

increased NO production (Higashi et al., 1999).

Other recent studies suggest a possible role for altered free radical handling in the 

hypotensive response to training. Excessive free radical production inhibits 

angiogenesis (Griendling and Harrison, 1999) and attenuates vascular dilator capacity 

(Rajagopalan et al., 1996) and there is evidence that angiotensin can stimulate free 

radical formation and lead to progressive elevation of blood pressure (Romero & 

Reckelhoff, 1999). Since physical training has the effect of up-regulating antioxidant 

defence pathways in cardiac muscle (Atalay & Sen, 1999) it seems reasonable that 

this effect might extend to the vasculature as well.

D espite the potential involvem ent o f non-neural factors in regulation o f 

peripheral resistance and hence blood pressure, evidence continues to accumulate to 

support a seminal role o f sympathetic overactivity in both the development and the 

maintenance of EH (see Grassi, 1998; Rahn et al., 1999; M ancia et al., 1999). In 

studies using the spontaneously hypertensive rat, training decreased cardiac and renal 

sympathetic activity, and reduced P-adrenergic responses (see Krieger et al., 1999). 

Furtherm ore, training in the spontaneously hypertensive rat restored baroreflex 

sensitivity, and this may be the mechanism by which training reduces sympathetic 

activity (Krieger et al., 2001). In EH patients, regular aerobic exercise has also been 

shown to reduce sympathetic drive during standardised baroreflex activation (Rahn et 

al., 1999).

1.3.4 Summary

To summarise some of the aetiological aspects of EH, an increase in sympathetic 

nerve activity and endothelial dysfunction contribute greatly to the increase in 

vascular resistance and blood pressure with EH. Both traits appear to have a genetic 

basis, as normotensive offspring of EH patients show properties of these dysfunctions.
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In addition, exaggerated blood pressure responses to stress appears to be an important 

characteristic of EH, and exaggerated blood pressure responses to stress are thought to 

be future predictors of hypertension.

There is compelling evidence for the attenuation of resting blood pressure being a 

central feature of the therapeutic effect of physical training in EH. Both non-neural 

and neural processes are involved in the hypotensive effect of regular training. The 

role of training in reducing sympathetic nervous activity and improving endothelial 

function can be highlighted as pivotal in the effects of training in EH.

1.4 Ageing

Ageing is considered a cardiovascular risk factor, with most of the structural and 

functional changes that accompany aging being similar to those seen in EH. It may be 

that some of the properties of EH are as a consequence of ageing, or that EH is an 

accelerated form of ageing (Soltis, 1987). Two properties that ageing and EH have in 

common are an increase in resting sympathetic drive and im paired endothelium - 

dependent vasodilation.

1.4.1 Ageing and autonomic control

Ageing is associated with a general increase in resting blood pressure (Burt et al., 

1995), and this is often attributed to an increase in resting sympathetic drive. This 

was first noted by an elevation of plasma noradrenaline (Ziegler et al., 1976; Barnes 

et al., 1982; Shimada et al, 1985), and later, by an increase in noradrenaline spillover 

(Hoeldtke et al., 1985; Esler et al., 1995). M ore recent work has also identified an 

increase in MSNA with ageing (Ng et al., 1993; Ng et al. 1994a). It is debatable 

whether these changes are related to ageing, or associated lifestyle changes such as 

long-term smoking, increased body mass or physical inactivity. Ng et al. (1993) 

attempted to exclude these factors in their older population and found that MSNA was 

still raised, so was not a consequence of lifestyle changes. It has been suggested from 

animal studies that the increase in resting SNS activity is due to impaired arterial 

baroreflex control of renal and muscle sympathetic nervous activity (Hajduczok et al., 

1991a; Tanabe & B unag, 1989), and im paired card iopulm onary  baroreflex  

(Hajduczok et al., 1991b). However, in older human subjects, some (Barnett et al., 

1999), but not all (M atsukawa et al., 1996; Davy et al., 1998; Tanaka et al., 1999)



studies have observed a change in baroreflex control o f sym pathetic activity. Thus, 

increased SNS activ ity  m ay resu lt from  o ther age-related  changes. For exam ple, 

L am bert et al. (1997) found an increase in sym pathetic  no rad renerg ic  neuronal 

activity in subcortical brain regions, which suggests an increase in central sym pathetic 

drive with ageing.

There is a general decrease in vagal influence over the heart w ith ageing (Lakatta, 

1993). This has been show n by application o f atropine, w hich inhibits the effects o f 

the vagus nerve, causing sm aller increases in heart rate in o lder com pared with young 

subjects (D auchot & G ravenstein , 1971). A lso , the h igh frequency  com ponent o f 

heart rate variab ility , as assessed by pow er analysis, is reduced  in o lder subjects 

(Shannon et al., 1987). A dditionally , baroreflex vagal control has been reported to be 

decreased with ageing (G ribbin et al., 1971; M atsukaw a at e l., 1996; H unt et al., 

2001), so that heart rate increases less with a decrease in blood pressure.

As well as increased resting sym pathetic drive, like EH , ev idence suggests that 

sym pathetic neural hyperreactiv ity  m ay also be a property o f  ageing. Exaggerated 

plasm a noradrenaline levels (Palm er et al., 1978; B arnes et al., 1982) and cardiac 

noradrenaline spillover (Esler et al., 1995) have been observed in response to stress 

in older subjects. A lso , increased blood pressure and heart rate responses to m ental 

stress and isom etric exercise  have been reported  in o lder subjects com pared w ith 

young controls (Esler et al., 1995; B outcher & Stocker, 1996; Sm olander et al., 1998; 

Boutcher & S tocker, 1999). In contrast to these studies how ever, N g et al. (1994a) 

did not find a d ifference betw een young and o lder subjects in M SN A  responses to 

physical or m ental stress.

1.4.2 Ageing and endothelial function

A nother characteristic o f  ageing is endothelial dysfunction. It has been shown in 

rats that ageing is associated  w ith decreased  vasod ila to r function  in response to 

endo thelium -dependen t, bu t not endo thelium -independen t d ila tors (Taddei et al.,  

1995; G erhard et al., 1996). T hus, this dysfunction is a property  o f the endothelial 

layer and not the underly ing sm ooth m uscle. L ike w ith EH , this is likely to be as a 

consequence o f reduced production or bioavailability o f endogenous NO (Ibarra et al., 

1995). Endothelial N O S activity has been show n to be decreased in o lder anim als 

(C hallah et al., 1997), and an excess o f  superoxide and O 2 generation  has also



recently been reported in rats (Hamilton et al., 2001). In human studies, ageing in a 

normotensive population is also accompanied by a reduced vasodilator response to 

infused acetylcholine (Taddei et al., 1995; Taddei et al., 2000) or methacholine 

chloride (Gerhard et al., 1996). This has recently been revealed to be as a result of 

dysfunction of the NO system. Furthermore, vitamin C supplementation in the oldest 

subjects increased vasodilator capacity, suggesting that reduced NO production is 

followed by increased oxidative stress with progressive ageing (Taddei et al., 2001). 

It was also found in this study that there is a continual decline in NO production with 

ageing, as NO inhibitors caused further reductions in the blood flow response to 

acetylcholine in progressively older subjects.

1.4.3 Ageing and exercise training

O lder subjects respond to exercise training w ith much the same general 

adaptations as younger subjects, such a resting bradycardia, im proved contractile 

function and increased stroke volume (Plowman & Smith, 1997). Resting blood 

pressure has also been shown to be reduced with exercise interventions in older 

subjects (Kelley & Kelley, 2001). However, most studies looking at the effects of 

training on more specific aspects of cardiovascular function have been performed in 

younger athletes, thus the interactions of ageing and training have not been fully 

investigated.

Regular exercise training in a younger population is known to reduce resting 

sympathetic activity (Scheuer & Tipton, 1977; Barnard, 1975; Grassi et al., 1994; 

Huonker et al., 1996), and this is one mechanism by which training is thought to 

reduce resting blood pressure. It is not known however if exercise training in an older 

population attenuates the increase in sympathetic activity and reactivity associated 

with ageing. Previous work has in fact suggested that exercise training in older 

subjects may lead to an even greater increase in resting plasm a noradrenaline 

(Poehlman & Danforth, 1991) and MSNA (Ng et al., 1994b) than is evident with 

ageing alone. It was suggested by Poehlman & Danforth (1991) that the increase in 

noradrenaline is a consequence of a higher daily expenditure in older athletes, since a 

positive correlation was seen between noradrenaline and either resting metabolic rate 

or estimated calorific intake.
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W hether regular exercise training affects the age-related decline in endothelial 

function in middle-aged normotensive subjects has also received little attention. Two 

studies have looked at the brachial artery responses and found that older athletes had a 

greater increase in brachial artery diameter in response to reactive hyperaemia (Rywik 

et al., 1999; Kinder et al., 2000) and also in response to non-endothelial dependent 

dilation (Rywik et al., 1999). Similarly, the blood flow response to acetylcholine has 

been reported to be increased by training and this effect could be abolished with L- 

NMMA, indicating it to be as a result of increased NO production (Higashi et al., 

1999;Taddei et a /., 2000).

1.4.4 Summary

Like EH, ageing is associated with an increase in sympathetic drive, and possibly 

exaggerated sympathetic nervous responses. Endothelial function is also impaired 

with ageing, with decreased NO production and increased oxidative stress being 

common features of EH and ageing. To date however, the effects o f exercise training 

in these areas have not been fully investigated in older populations.

1J  Objectives of this study

The objectives o f work described in this thesis were to further investigate the 

anti-hypertensive effects of exercise in the areas o f the SNS and endothelial function. 

Tests of sympathetic activation and endothelial integrity were examined in response 

to an acute bout o f exercise, and in response to chronic training. In addition, 

longitudinal studies were made, and possible differences in the adaptations to short- 

and long-term training were investigated. Initial studies were carried out using young 

healthy athletes and sedentary controls, and the hypotheses formed with this work 

were then carried into an older population to examine if similar effects are seen in a 

subjects considered more at risk o f cardiac d isease, and where the SNS and 

endothelium are already known to be dysfunctional.
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2 Materials and Methods

2.1 Introduction

2.1.1 Sympathetic activation tests

As sympathetic reactivity appears to be important in the development of EH, is 

present before the onset of the disease, and may also be an im portant property of 

ageing, an objective of this study was to examine the effects o f exercise and training 

on sympathetic activation. To do this, there are several stressor tests that can be used 

to assess sympathetic activation. Each cause a significant increase in blood pressure, 

but exert different effects on other cardiovascular parameters. Collectively they allow 

the evaluation of a variety of sympathetic pathways both related to, and independent 

of those associated with exercise.

2.7.7./ Sustained isometric exercise

Performing a sustained handgrip is commonly used as a test for stimulation of the 

autonomic nervous system (Ewing, 1983). Sometimes referred to as the ‘exercise 

pressor reflex’, the cardiovascular responses to handgrip involve an increase in heart 

rate and blood pressure. The initial pressor and tachycardic responses to isometric 

exercise are initiated by central command from the cerebral cortex. At this point, 

there is also thought to be stimulation of mechanoreceptors within the working muscle 

that contribute to the response (Rowell, 1993). It has also been shown that the 

exercise pressor response can also be potentiated by occluding circulation to the 

exercising m uscle, thus im plicating muscle chem oreceptors in the cardiovascular 

responses to exercise (Lind et al., 1964; Coote et al., 1971). The effects of the 

chemoreflex are important after about the first minute of muscle contraction (Rowell, 

1993); however, there is a threshold for the muscle chemoreflex, and a point (pH 6.9) 

beyond which the relationship between the increase in mean arterial pressure and 

muscle cellular pH is no longer linear (Nishiyasu et al., 1994).

The initial increase in heart rate is mediated by withdrawal of parasympathetic 

activity, and as with dynamic exercise, further increases are brought about by
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increased sympathetic stimulation to the heart (Kluess et al., 2000). The increase in 

blood pressure results in part from an increase in total peripheral resistance brought 

about by (3-adrenergic stimulation. Increased vasomotor sympathetic activity during a 

sustained handgrip has been confirmed by the demonstration of increased calf 

resistance (Rusch et al., 1981) and increased MSNA recorded in the peroneal nerve 

(Mark et al., 1985; Seal, 1989; Sanders et al., 1989; Halliwill et al., 1997).

Pressor responses to sustained handgrip exercise at a given percent of maximum 

voluntary contraction do not appear to be affected by muscle mass (Williams, 1991). 

Subjects will also reach the same blood pressure regardless of relative muscle tension, 

but this takes longer at a lower percent of maximum voluntary contraction (Lind et 

al., 1964).

As well as increased cardiac and peripheral sympathetic activity, forearm blood 

flow in both the exercising arm (Jessup, 1973) and the contralateral arm (Eklund et 

al., 1974; Dietz et al., 1997; Reed et al., 2000) increases during a sustained handgrip, 

and a decrease in forearm vascular resistance can be observed (Rusch et al., 1981; 

Sanders et al., 1989). Whether this response is due to neurally-mediated sympathetic 

vasodilation or not remains controversial (see Joyner & Halliwill, 2000). The forearm 

vasodilator response has been shown to be blunted by atropine infusion (Eklund & 

Kaijser, 1976; Sanders et al., 1989; Dietz et al., 1997), propanolol infusion (Eklund & 

Kaijser, 1976; Reed et al., 2000) and after NO inhibition by L-NMMA (Endo et al., 

1994; Dietz et al., 1997; Reed et al., 2000). Whether via sympathetic cholinergic 

fibres, or circulating catecholamines, vasodilation during isometric exercise does 

appear to be sympathetically mediated.

2.1.1.2 Mental arithmetic

The response to mental stress produces similar effects to those seen during a 

classical defence reaction, which is thought to prepare the body for fight or flight. 

The cardiovascular consequences of mental stress are an increase in heart rate and 

blood pressure, and strong adrenomedullary stimulation. An increase in cardiac 

sympathetic activity to the heart accomplishes about 50% of the heart rate response to 

mental stress and this increase in heart rate is the main factor responsible for the blood 

pressure increase during mental stress (Freyschuss et al., 1988).
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Another characteristic of the fight or flight reaction is an increase in muscle blood 

flow to prepare the body for movement. Bilateral vasodilatation in forearm skeletal 

muscle is well documented as occurring during cerebral arousal (Blair et al., 1959; 

Allwood et al., 1959, Fend et al, 1959, Dietz et al., 1994). Like that seen during 

isometric exercise, the mechanisms that bring about forearm vasodilation during 

mental stress remain under dispute (Joyner & Halliwill, 2000). Barcroft et al. (1960) 

concluded that muscle vasodilation during stressful times are brought about by 

sympathetic cholinergic fibres, with a portion of the dilator response also occurring as 

a result of increased levels of circulating adrenaline. More recent studies have not 

furthered this conclusion, as the blood flow response to mental stress has been shown 

to be partly inhibited, but still persisting, after atropine (Blair, 1959; Barcroft et al., 

1960; Dietz et al., 1994) or propanolol (Halliwill et al., 1997; Lindqvist et al., 1997). 

Similarly, some dilator responses still persist after stellate ganglion blockade 

(Halliwill et al., 1997). Withdrawal of sympathetic nervous activity may also be 

involved, as a marked decrease in MSNA has been measured in the forearm during 

mental stress (Halliwill et al., 1997).

For the purpose of the present study, mental stress was stimulated by the 

performance of continuous mental arithmetic.

2.1.1.3 Cold pressor test

Another test used for stimulating sympathetic activation is a cold pressor test, 

which was first described by Hines & Brown (1936). Cooling of the skin causes 

strong a-adrenergic vasoconstriction that brings about an increase in blood pressure 

(Frank & Raja, 1994). This has been demonstrated by an increase in MSNA during a 

cold pressor test (Victor et al., 1987). The increase in blood pressure is maximal after 

30 seconds, and returns to normal within two minutes (Ewing, 1983). Cold exposure 

also causes an initial increase in heart rate on first exposure, but this returns quickly to 

baseline values (Victor et al., 1987). This increase in heart rate can be abolished by 

P-adrenergic blockade.

2.1.1.4 Summary

Taken together, these three tests allow for the evaluation of cardiac sympathetic 

activation and peripheral sympathetic stimulation brought about by exercise
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(isometric exercise) and exercise-unrelated (cold pressor test, mental arithmetic) 

reflexes. They also allow for the evaluation of sym pathetically mediated forearm 

vasoconstriction (cold pressor test) and vasodilation (mental stress and isometric 

exercise).

2.1.2 Tests of endothelial function

To test the effects o f exercise on the endothelial layer, reactive hyperaemia, 

circulating endothelial cells (CECs), throm bom odulin (TM ), and von W illebrand 

factor (vWF) were measured in subjects.

2.12.1 Reactive hyperaemia

Temporary arrest of circulation through a limb causing ischaemia is followed by 

a short-lived increase in limb blood flow that is referred to as reactive hyperaemia. 

This response can be seen after sympathectomy or somatic denervation, and thus was 

attributed to local reactions within the tissue (see Shepard, 1963). Later, Koller & 

Kaley (1990) investigated the role of the endothelium in reactive dilation of skeletal 

muscle vasculature and found that im pairm ent o f the endothelium  by light/dye 

treatment resulted in a greatly diminished reactive hyperaemia response, while the 

dilator response to ischaemia (no flow) was still present in the endothelium-impaired 

vessel. This suggested that the initial part o f the response, while flow is occluded, 

involves a myogenic response o f the arterioles to the decrease in intravascular 

pressure (K oller & Kaley, 1990). Since that tim e, reactive hyperaem ia has been 

commonly used as a test of endothelium-dependent vascular function (Shepard, 1963; 

Li et al., 1997; Clarkson et al., 1999; Higashi et al., 1999; Rywik et al., 1999; Kinder 

et al., 2000). More recent work has shown that there is a strong relationship between 

the peak blood flow response to reactive hyperaemia and the blood flow responses to 

acetylcholine infusion, and it is thus recommended that reactive hyperaemia be used 

preferentially as a non-invasive means to measure vascular function (Higashi et al., 

2001).

M any studies have investigated the endothelium -derived relaxing factors 

involved in reactive hyperaemia. Inhibition of prostaglandins was found to decrease 

the peak blood flow by 70%, and adenosine inhibition decreased reactive hyperaemia 

by 35%, but in com bination, caused no further decrements in reactive hyperaemia
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(Carlsson et al., 1987). Later, in 1994, Tagawa et al. showed that inhibition of NO by 

L-NM MA decreased total hyperaem ia by 20-30% , but did not affect the peak 

response to ischaemia. It has since been reported however, that both the peak and 

maintenance phases of reactive hyperaemia involve NO production (Meredith et al., 

1996; Dakak et al., 1998; Duffy et al., 1999b). However, it should be remembered 

that prostaglandins also contribute to the response (Carlsson et al., 1987; Duffy et al., 

1999b). Indeed, Engelke et al. (1996) suggest that NO has only a modest effect on 

the peak response of reactive hyperaem ia, and that prostaglandin release is more 

important at this stage. The effects of NO and prostaglandins do not appear to act 

synergistically, as co-infusion of L-NMMA and aspirin (inhibits prostanoid synthesis) 

did not decrease reactive hyperaem ia to any greater extent than either drug did 

separately (Duffy et al., 1999b).

2.1.2.2 Circulating Endothelial Cells

Circulating endothelial cells (CECs) are endothelial cells that have become 

detached from  the basal lam ina and are detectable in circulation. Causes o f 

detachment are thought to include prolonged exposure to pathophysiological stimuli 

such as cytokines, infectious agents, oxidative stress, and withdrawal o f growth 

factors or serum starvation.

CECs were first reported in the 1970s (Bouvier et al., 1970; H ladovec & 

Rossman, 1973). They were interpreted as being a sign of vascular injury, and have 

since been identified to be increased above normal levels in a variety o f diseases 

associated with endothelial dysfunction and vascular dam age. Increased CECs are 

thus considered to be a non-invasive, in vivo m arker o f endothelial damage (see 

Dignat-George, 2000 for a recent review). Examples of diseases in which CECs are 

raised include EH (Zhu, 1991), sickle cell anaemia (Solovey et al., 1997), myocardial 

infarction (Mutin et al., 1999), angina (Bory et al., 1995) and aortoarteritis (Dang et 

al., 2000). CECs are also raised in smokers (Sinzinger et al., 1986). Other evidence 

that supports the suggestion that CECs reflect endothelial dam age is a positive 

correlation with substances such as endothelin (Dang et al., 2000), cholesterol 

(Podrouzkova et al., 1992) and vascular endothelial growth factor (Solovey et al., 

1999).

27



Little research has been carried out on the characteristics of CECs. They are 

reported as being polygonal cells or cell carcasses, approxim ately 30-50ji,m in 

diameter, and often lacking nuclei (Bouvier et al., 1970; Hladovec & Rossman, 1973, 

Solovey, private communication). In one study, 50% of CECs were found to stain 

positively for CD36, suggesting them to be mainly microvascular in origin; however, 

Mutin et al. (1999) did not find isolated CECs to stain for CD36. In control patients, 

Solovey et al. (1999) found that 64% of CECs showed signs of programm ed cell 

death, while Mutin et al. (1999) reported that only 10% of CECs were apoptotic.

2.1.2.3 Plasma markers o f  endothelial damage

In addition to CECs, there are substances released from the endothelial lining 

when it become damaged or activated, that are detectable in circulation and can be 

used as a marker of endothelial damage. Such substances include E-selectin, vascular 

cell adhesion m olecule (VCAM ), intercellular cell adhesion m olecule (ICAM ), 

endothelin, TM and vWF (see Gearing & Newman, 1993; Pearson, 1993; Blann & 

Taberner, 1995; Blann & Lip, 2000). At this stage, it is im portant to differentiate 

between damage and ‘activation’ of the endothelium. Many factors can interact with 

the endothelium  and activate it to upregulate cell adhesions m olecules. Cell 

adhesions molecules facilitate the interactions of leukocytes and endothelial cells, and 

allow m igration o f leukocytes into the subendothelial space. Thus, markers of 

activation do not necessarily imply damage to endothelial cells.

E-selectin, ICAM and VCAM are part of a superfamily of adhesions molecule 

expressed on endothelial cells after activation (see Gearing & Newman, 1993). Thus 

raised concentrations of these molecules reflect activation rather than injury of the 

endothelium . In addition, ICAM and VCAM are both expressed and released by 

other cells such as smooth muscle, epithelia and leukocytes (Gearing & Newman, 

1993; Blann & Lip, 2000); therefore circulating levels o f these molecules are not 

necessarily endothelial in origin.

VWF is secreted both from endothelial cells and platelets, but much work has 

shown that the soluble vWF detectable in circulation is not derived from platelets 

(Blann & Taberner, 1995). VWF also has the advantage of a long half-life (Over et 

al., 1978), and is currently regarded as the gold standard m arker of endothelial 

damage. However, vWF is also released in response to activation of the endothelium
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(see Blann & Taberner, 1995). Thus, increased vW F may not specifically imply an 

insult to endothelial cells. TM is an endothelial cell-specific protein that is involved 

in the regulation of thrombin activation (Pearson, 1993). Plasma TM is composed of 

fragments o f TM of different m olecular weight resulting from proteolysis o f the 

membrane form of TM in response to cell damage (Ishii et al., 1991). In contrast to 

vWF, TM appears to be unresponsive to cytokines and is released during the course of 

endothelial cell injury (Ishii et al., 1991; Seigneur et al., 1993). For the purpose of 

the present w ork, TM  and vW F were chosen as the most suitable m arkers of 

endothelial dam age. Together, they allow for the dem onstration o f injury to 

endothelial cells, but by additionally measuring TM , the possibility that vWF is raised 

only in response to cytokine activation and not injury, is eliminated.

2.1.2.4 Summary

Using the above techniques, the effects of exercise on the endothelial layer can be 

demonstrated in terms of functional (reactive hyperaemia) and structural (CECs, vWF 

and TM) integrity.

2.2 Materials

The full list of materials and names and addresses o f sources listed below are 

given in Appendix I.

23  Subject Recruitment

Subjects were recruited from Trinity College, and in the case o f older subjects, 

also from outside companies (An Post, Pearse Str. Dublin). The selection criterion of 

athletes was that they trained at least 3 times a week. Sedentary subjects were not 

involved in any regular athletic activity, although could be involved in mild activity 

such as recreational walking and golf. After initial recruitment, subjects underwent a 

medical examination to ensure there were no contraindications to maximal exercise 

(see Appendix II). In addition to medical history and cardiopulmonary tests, a 3 ml 

blood sample was taken from the median cubital vein in the anticubital fossa of the 

right arm. This sample was analysed for haemoglobin, haematocrit, and red and white 

blood cell counts using a Coulter counter (Coulter T-890, Coulter Electronics Ltd., 

Bedfordshire). Heights and body masses were recorded at this time. Body Mass
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Index (BMI) was calculated as body mass (kg) divided by height (m) squared. Body 

Surface Area (ESA) was calculated using the equation (body mass (kg)°‘‘̂  ̂ x height 

(m)0 723)  ̂0.007184). Exclusion criteria for participation in studies included diabetes 

mellitus, hypertension or a family history o f cardiovascular disease. Exclusion 

criteria for performing maximum exercise are listed in Appendix III. Cholesterol 

levels were measured using an Accutrend Glucose-Cholesterol Meter (Boehringer 

Mannheim, Germany) and Accutrend cholesterol strips (Roche Diagnositics, UK), 

detecting total blood cholesterol in the range of 3.88-7.75mmol.L '. Subjects with 

hypercholesteraemia (>5.5 mmol.L ’), which is known to effect endothelial function, 

were excluded from participation. The aims and procedures o f the studies were 

explained both orally and in a written document and subjects signed an informed 

consent form prior to testing (Appendices IV-VII). The Federated Dublin Voluntary 

Hospitals and St. James’s Hospital Research Ethics Committee approved all 

procedures in advance.

2.4 Maximal fitness testing

Each subject performed a standard incremental fitness test on a Monark 824E 

cycle ergometer to establish peak oxygen uptake (VOjpeak) an indication of aerobic 

fitness levels. Metabolic parameters were measured continuously using a Metalyser 

gas analysis system (CORTEX Biophysik GmbH, Germany), which was calibrated 

daily. Testing took place in the morning between 0900-1300 hrs in a climate- 

controlled chamber at an ambient temperature o f 17°C and a relative humidity of 45- 

55%. Subjects were instructed to wear loose fitting sports clothes. The procedure of 

the maximal fitness test was explained before the test began, and subjects were 

instructed to continue exercising until exhaustion.

Saddle height was adjusted so the subject's leg was almost fully extended when 

the pedals were at their lowest position. Subjects were fitted with a molded silicone 

rubber facemask into which the Metalyser volume transducer and gas analyser was 

secured. Three facemasks were available to accommodate different head size. While 

the subject was seated on the bike, the facemask was secured in place with a Hans 

Rudolph headpiece and adjusted until a tight fit was achieved. The integrity of the 

seal was checked by blocking the inspiratory valve and asking subjects to breathe in 

deeply to ensure no leaks were felt. Heart rate was monitored using a Polar Favour

30



Heart Rate monitor (Polar Electro, Finland) consisting of a transm itting belt and a 

receiving watch unit. A smear of electrode gel was placed on the inside of the belt to 

im prove conductiv ity , and the belt was strapped around the sub jec t’s chest, 

approximately one inch below the nipples. To measure blood lactate concentration, 

the tip of the ring finger was wiped with cotton wool to remove perspiration, and the 

skin punctured with a sterile lancet. W elled blood was collected in a heparinised 

capillary tube. Using a Syringepet pipette, the blood was drawn from the capillary 

tube and injected into a lactate analyser (YSI 23L, Yellow Springs Instrum ents, 

Ohio).

The test consisted of 3 min increments beginning at a 60 W atts (1kg) workload 

and increasing by 30 W atts every 3 min with the addition of a 0.5kg weight to the 

weight pan of the ergometer. Cycling speed was kept at 60 revolutions per minute. 

Heart rate and blood lactate concentration was measured during the last m inute of 

each workload. The test was continued until the subject reached a volitional fatigue 

point. Should the subject not stop of their own accord, and two o f the following 

criteria were reached, the subject was instructed to stop; an increase in workload 

resulting in less than 2.1ml.kg ' increase in oxygen consumption, respiratory exchange 

ratio (RER) exceeding 1.1, or blood lactate exceeding lO .O m M .lV 02peak was taken 

as the maximum oxygen consumption value reached. Once the test was com pleted, 

all weights were removed from the weight pan, and subjects were instructed to cycle 

at a moderate pace to warm down and help speed lactate removal.

25  Sympathetic activation testing

All sympathetic activation testing took place in the morning between 0900-1300 

hrs at an ambient temperature of 20°C. During testing, subjects wore tee-shirts to 

allow for access to the arms and chest. Subjects were instructed to abstain from 

caffeine, alcohol, nicotine and exercise in the twelve hours before an experimental 

session in an effort to reduce the effects of additional stimuli on the cardiovascular 

system . Prior to testing, subjects w ere fam iliarized with the equipm ent and 

experimental procedures of the sympathetic activation tests. This involved a verbal 

description of each test and use of the handgrip dynometer.

During the testing session, subjects were seated com fortably in an upright 

position. Subjects were rested for a 10 min period before the onset of the experiment.
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and initial baseline values for all parameters were obtained at the end of this time. 

The subjects were required to perform the following sympathetic activation tests in 

this sequence; a sustained handgrip to fatigue, 2 min mental arithmetic and a cold 

pressor test. Care was taken to ensure all parameters had returned to a stable baseline 

before presentation of the next stim ulus. D uring stress tests, heart rate, blood 

pressure, stroke volume and forearm blood flow measurements were made using a 

Maclab data acquisition system (see Appendix VIII).

2.5.1 Heart rate measurement

A standard three-lead frontal plane ECG was recorded continuously and 

displayed together with a beat-to-beat ratemeter triggered from each QRS complex of 

the ECG (see Appendix VIII).

2.5.2 Blood pressure measurement

In the initial study (Chapter 3), arterial pressure was measured by auscultation 

from the brachial artery, using phase V Korotkoff sounds as diastolic pressure, and the 

investigator measuring blood pressure was blinded to the training status o f subjects. 

Subsequent investigations (Chapter 4, 7) measured blood pressure using the Colin 

CBM-7000 (Colin, Japan). This system is a validated method using applanation 

tonometry for non-invasive continuous blood pressure measurements (Drzewiecki et 

al., 1983; Sato et al., 1993). The principle o f the tonom etry system is that intra- 

arterial pressure can be measured by pressure transducers centred over the flattened 

portion of the arterial (radial) wall because the circumferential tension in the flattened 

wall that acts transcutaneously is negligible. To ensure accurate readings from this 

system, it is essential that the pressure transducers are placed accurately over the 

artery, and that the wrist is immobilised during recordings (Sato et al., 1993).

The pressure cuff was first wrapped around the bare upper arm of the subject. A 

wrist brace was placed on the same arm, with the thumb strapped down to prevent 

motion artefacts, and the wrist facing upw ards. The arm  was supported in a 

comfortable position at the level o f the heart. The radial artery was located by 

pulsation, and a mark made on the skin where the strongest pulse was felt. The Colin 

sensor was then strapped around the subjects wrist centred over the pulse point. Once 

the sensor was switched on, an oscillometric cuff measurement for calibration was
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automatically started. During this time the sensor searched for the radial artery. To 

ensure accurate readings, m easurem ent was only begun when the tonogram was 

roughly symmetrical, the signal strength was as close to 100% as possible, and the 

sensor hold down was less than 120. Should the placement prove to be unsuitable, the 

sensor was removed and repositioned. Between sympathetic activation tests, the 

Colin was re-calibrated by manually initiating an oscillometric cuff measurement. In 

Chapter 4, the Colin was recalibrated at five-minute intervals during the post-exercise 

recovery period.

Rate pressure product, as an estim ate of cardiac w ork, was calculated by 

multiplying systolic blood pressure by heart rate and dividing by 100.

2.5.3 Forearm blood flow measurement

Forearm blood flow was measured continuously in the non-dom inant limb by 

venous occlusion plethysmography using a rubber strain gauge filled with gallium- 

indium (W hitney, 1953). The principle of this technique is that the rate of swelling of 

the forearm  during venous occlusion stretches the gallium -indium  colum n and 

changes the electrical resistance of the gauge, which is recorded by a W heatstone 

bridge circuit. Thus, changes in the slope of the signal produced represent changes in 

forearm blood flow rate. Forearm blood flow was calculated using the slope of the 

trace obtained during venous occlusion, avoiding cuff artefacts, as shown in Appendix 

X.

To record forearm blood flow using this method, a gallium-indium strain gauge 

(MedaSonics, Newark) was placed around the upper fifth o f the forearm of subjects, 

with the arm supported comfortably at the level of the heart. The forearm was raised 

on either side of the strain gauge to prevent pressure being exerted on the strain 

gauge. A pressure cuff placed around the upper arm of subjects was connected to a 

source of compressed air, and inflation of this cuff was set to a pressure of 40 mmHg 

for 4 s every 10 s in order to occlude venous return. Output from the strain gauges 

passed through a Wheatstone bridge amplifier and the data collected using the Maclab 

data acquisition system. Blood flow was expressed in millilitres per min per 100 ml 

forearm tissue. Forearm vascular resistance was calculated by dividing forearm blood 

flow by mean arterial pressure, and forearm vascular conductance was calculated as 

the inverse of vascular resistance.
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2.5.4 Stroke volume measurement

Stroke volum e was m easured by im pedance cardiography, a non-invasive 

validated method using chest surface electrodes to relate changes in transthoracic 

electrical impedance during ventricular ejection to stroke volume (Kubicek et al., 

1966). Impedance data was obtained using an impedance cardiograph (built in-house 

using Kubicek circuitry) and disposable spot electrodes (3M health Care, Germany). 

Four pairs of electrodes were positioned in the lateral spot electrode configuration as 

described by Bernstein (1986). One pair of detection electrodes was placed in the 

midaxillary lines, one left and one right at the level of the xyphoid. The second pair 

of detection electrodes was placed at either side of the base of the neck. The third and 

fourth pairs of current injection electrodes were placed approximately 3 cm above and 

below the detection electrodes.

Stroke volume was calculated using the Kubicek equation (Kubicek et al., 1966);

SV = rho.(L'/Z„').dZ/dt.t,

where rho = resistivity of blood using a constant o f 135 (ohm s. Quail et al., 

1981), L = the distance between the detection electrodes (cm), Z„ = baseline thoracic 

impedance (ohm.cm '), dZ/dt = first derivative of the change in thoracic impedance 

(AZ, ohm.s ‘) and t=left ventricular ejection time (s). Examples o f impedance waves 

are shown in Appendix IX, showing how to obtain dZ/dt and ejection time.

The average of three stroke volume values was taken at each collection time- 

point. Stroke volume index was calculated as stroke volume divided by BSA.

Cardiac output was calculated by multiplying stroke volume by the heart rate in 

that cardiac cycle, and cardiac index was obtained by dividing cardiac output by BSA. 

Total peripheral resistance was calculated as mean arterial pressure divided by cardiac 

output.

2.5.5 Sustained handgrip

Using a handgrip dynam om eter, subjects were instructed to grip as hard as 

possible to establish their maximum voluntary contraction (M VC), or force. A visual 

display of the force developed was provided on a computer screen beside the subject. 

A sustained isometric contraction of the dominant hand was then maintained at 50% 

of MVC force until volitional fatigue. 50% MVC was chosen as the strength of

34



contraction since previous experiments looking at 30% MVC did not find that this 

elicited a large cardiovascular response (O ’Sullivan & Bell, 1999).

To perform the sustained handgrip, a line was set for subjects on the computer 

screen at the point at which to maintain force. Should the subject fall below or above 

the desired force, they were verbally encouraged to increase or reduce the strength of 

their contraction. Fatigue point was taken as the inability to continue to maintain the 

handgrip at 50% MVC.

Results of the sustained handgrip are expressed as percentages of the time to 

fatigue (25, 50, 75 and 100%), with 100% fatigue taken as the cardiovascular 

measurements obtained at the point where subjects were no longer able to sustained 

50% MVC.

2.5.6 Mental arithmetic

Subjects were instructed to continuously subtract the number 7 from a 3-digit 

number (300) as quickly and accurately as possible, for a 2 min period. When 

subjects were performing more than one set of sympathetic activation tests within a 

study (Chapters 3 and 4), different 3-digit numbers were selected as starting points.

2.5.7 Cold pressor test

The right foot was immersed voluntarily up to the ankle in a basin of iced water 

(2-3"C). For the first study, this was maintained for two minutes, but in subsequent 

studies, one minute was found sufficient to obtain the m aximum cardiovascular 

response. Subjects were instructed that if this test was too painful, they could remove 

their foot; however, this was not found to be necessary.

2.6 Reactive hyperaemia

To induce forearm ischaemia, the pressure cuff around the upper arm connected 

to the venous occlusion system was inflated to a suprasystolic pressure for 3 minutes. 

After the release of pressure, forearm blood flow was recorded for one minute.
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2.7 Blood Studies

2.7.1 Collection

Samples of venous blood taken for differential blood counts were taken in 3ml 

vacutainers. Blood for CEC analysis was collected in 6ml vacutainers in EDTA, and 

blood for plasma analysis was taken in 6ml vacutainers in lithium heparin, in that 

order. Post-exercise blood samples were taken immediately after the cessation of the 

maximal fitness test. The first vacutainer o f blood collected post-exercise was 

discarded to ensure there was no contam ination by endothelial cells from the 

venipuncture. Isolation of CECs was carried out on the same day as blood collection. 

Blood samples for plasma analysis were spun down at 2500rpm at 4°C for 10 min, and 

the plasma was aliquoted into 50//1 samples and stored immediately at -80 °C for later 

analysis.

2.7.2 Isolation and quantification of CECs

Isolation of CECs was carried out by methods sim ilar to those previously 

described by other groups (Hladovec & Rossm an, 1973; Sinzinger et al., 1986). 

Platelet-rich plasma was prepared by centrifugation of the vacutainers at 500rpm at 

4°C for 20 min. 1ml of supernatant was aspirated, mixed with 200//1 adenosine-5- 

diphosphate (Boehringer M annheim, Germany) and mechanically shaken for 10 min 

at room temperature to induce platelet aggregation. Samples were then centrifuged 

again at 500rpm at 4°C for 10 min to remove platelet aggregates. The supernatant 

from this spin was transferred to a fresh eppendorf, and a final centrifugation at 

2000rpm at 4“C for 20 min was carried out to obtain an endothelial cell pellet. The 

supernatant was removed and the pellet resuspended in 50/<l normal saline.

10//1 of this endothelial solution was transferred to a subbed slide and a smear 

made (subbing solution; 0.25g chromalium, 2.5g gelatine in 500ml distilled water). A 

total of 5 slides were made per subject. Slides were left overnight in a 37°C oven. 

The following day, slides were fixed in 4% paraformaldehyde for 5 min and stained 

with cresyl violet. The slides were dehydrated through alcohol, mounted in DPX and 

examined using a light microscope. For each subject, the numbers of endothelial cells 

on three slides were counted and used to derive a mean CEC count.
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2.7.3 Identification o f CECs

To identify the isolated cells as being endothelial in origin, cells were stained for 

vW F using conventional im m unohistochem ical techniques. S lide-m ounted 

endothelial cell smears were fixed in 4% paraformaldehyde for 30 min. Cells were 

permeabilised in 0.02% Triton xlOO (Sigma-Aldrich, U.K.) in PBS, and incubated in 

20% donkey serum to inhibit non-specific protein binding. After washing, slides were 

incubated with rabbit anti-human vWF (1:200, Sigma-Aldrich, U.K.) for 2 hours at 

room temperature. Slides were washed, incubated with 30% hydrogen peroxidase for 

10 min to block endogenous peroxidase activity, and washed again. They were then 

incubated for 30 min at room temperature with horseradish peroxidase-linked donkey 

anti-rabbit immunoglobulin (1:500, Amersham, U.K.). Binding sites were visualised 

by exposure to diaminobenzidine solution (Im g/m l, Dako, USA) containing 10|.il 3% 

hydrogen peroxide and 40[xl 40% di-am m onium  nickel (II) sulphate (BDH 

Laboratories, U.K.) for 4 min. The reaction was stopped with distilled water. Slides 

were counterstained with methylene blue, dehydrated through alcohol, mounted in 

DPX and examined using a light microscope.

CECs isolated from blood samples were also com pared in m orphology to 

endothelial cells removed from rat aorta by an en fa c e  method sim ilar to that 

described by Hansson & Schw artz (1983). The aorta was rem oved, opened 

longitudinally and cut into 10 mm sections. The sections were placed face down on 

gelatin-subbed slides and placed on a metal block cooled to -20°C. Care was taken 

not to allow any air or water bubbles remain between the endothelium and glass. At 

the first signs of freezing, the slides were removed from the cooling block, and one 

com er of the vessel segment was raised and rolled back carefully, leaving an intact 

endothelial layer on the slide. The slides were left to dry at room temperature. These 

slides were also processed for vW F, using the method described above, as positive 

controls.

2.7.4 Analysis of plasma vWF using ELISA

For analysis of vW F, paired antibodies for the detection of vWF in plasma by the 

enzym e linked im m unosorbent assay (ELISA ) technique w ere used (K ordia 

Laboratory Supplies, Netherlands). N inety-six well plates (Corning, USA) were 

coated with capture antibody (goat anti-vW F IgG, lOO^il, 1:100) diluted in coating
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buffer (50mM  C arbonate, pH 9.6, com position; 1.59g N ajC O j, 2.93g N aH CO j up to 1 

litre d istilled  w ater) and incubated for 2 hours at room  tem peratu re  (22°C). The 

contents o f the plate were em ptied and incubated with 150^1 o f  b locking buffer (pH 

7.4 , com position; 2 .0g N aC l, 0 .73g N a2H P 0 4 , 0 .05g  o f  K H 2PO 4, 0 .05g  K C L, 5g 

bovine serum  album in (B SA ) up to 250m l d istilled  w ater) for 60 m inutes at room  

tem perature. P lates w ere w ashed three tim es w ith phosphate buffering  saline with 

Tw een (PBS-Tw een; 5.84g N aC l, 11.5g N a2H P 0 4 , 2.96g N aH 2P 0 4  and 1.0ml Tw een- 

2 0  up to 1 litre).

A standard  curve w as obtained using H aem ostasis R eference P lasm a (B iopol 

In ternational, C alifo rn ia , U SA ) reconstitu ted  w ith 1ml purified  w ater to contain a 

reference range o f vW F from  99-135% . Serial dilutions o f the reconstitu ted  plasm a 

w ere m ade to 1:3200 (3.25% ) using a d iluent bu ffer (H B S -B SA -T w een , pH 7.2 , 

com position; 5.95g H E PES, 1.46g N aC L, 2.5g BSA , and 0.25m l Tw een-20 m ade up 

to 250m l distilled  w ater). P lasm a sam ples w ere d iluted 1:300 using the HBS-BSA - 

Tw een diluent buffer. D uplicate standards and sam ples (100|j,l) w ere added to each 

well and incubated for 90 min at room  tem perature. P lates w ere then w ashed again 

three times in PB S-Tw een. The secondary antibody (peroxidase conjugated goat anti- 

vW F, 1 0 0 (0,1, 1:100, d ilu ted  in H B S -B S A -T w een) w as added  to  each  w ell and 

incubated for 90 min at room  tem perature. A fter w ashing three tim es in PB S-Tw een, 

bound antibody conjugate activity was expressed by incubation for 15 min with ortho- 

phenylenediam ine (O PD , Sigm a, U K ). OPD was freshly prepared by dissolving one 

OPD tablet in 12ml substrate buffer (2.6g citric acid, 6.9g N a2H P 0 4  up to 500m l with 

d istilled w ater), and adding 12|j,l 30%  H 2O 2 im m ediately  before use. A fter 15 m in, 

the co lour reaction  w as stopped w ith the addition  o f  50[j,l o f  2 .5M  H 2SO 4. The 

absorbance values w ere determ ined by reading the plate at a w avelength  o f 490nm  

within 30 min.

V W F plasm a concentrations were calculated from  the standard curve constructed 

by plotting the m ean absorbance for each standard against the know n concentration 

(r=0.9B7, X = (Y -0 .08)/0 .01). U nknow n sam ple concen trations w ere read from  the 

standard curve using sam ple’s average absorbance value.
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2.7.5 A nalysis o f plasm a Throm bom odulin using ELISA

The detection o f plasm a Throm bom odulin (CD 141) levels was carried out using a 

com m ercially  available ELISA  kit (sCD141 ELISA  kit, D iaclone R esearch, France). 

A m onoclonal antibody specific for sCD141 was coated onto the w ells o f the plate 

p rov ided  by the m anu factu rer. T he first incubation  w as thus a sim ultaneous 

incubation o f  sam ples and standards w ith a second b io tiny lated  sCD 141 antibody. 

Sam ples and standards were analysed in duplicate.

From  a starting concentration o f 20ng.m l ',  serial dilutions to 0 .6 2 5 n g .m r' were 

m ade using a standard diluent supplied by the m anufacturer. P lasm a sam ples were 

tested undiluted. 100 x̂1 o f appropriate standard and plasm a w ere added to the blank 

w ells. The biotinylated  anti-C D  141 antibody (1:27.5) was d ilu ted  using a supplied 

buffer, 50|xl was added to each w ell, and the plate was incubated for 60 min at room  

tem peratu re . A fter w ashing  four tim es w ith a supp lied  w ash bu ffer, lOOfil o f 

streptavidin-horse radish peroxidase (HRP) solution (1 :6666, d iluted with a supplied 

Streptavidin-H R P diluent) was added to each well and incubated for 30 min at room  

tem perature. P lates w ere w ashed four tim es and lOOfxl o f  supp lied , ready to use 

3 ,3 ’,5 ,5 ’-Tctram ethyl-benzidine (TM B) chrom ogen was added. The plate incubated 

for 15 min in the dark. The enzym e-substrate reaction was stopped by the addition of 

100|j,l 1.8N H 2SO4. A bsorbance values w ere determ ined  by reading  the plate at a 

wavelength o f 450nm  im m ediately.

P lasm a TM  concentrations were calculated  from  the standard curve constructed 

by p lo tting  the abso rbance  fo r each  standard  aga in st the know n concen tra tion  

(r=0 .977 , Y = (0 .08)X + 0.06). U nknow n sam ple concen trations w ere read from  the 

standard curve using the average o f the tw o absorbance values obtained  fo r each 

plasm a sam ple.

2.7.6 Analysis o f  plasm a Interleukin-6 (IL-6 ) using ELISA

T he detec tion  o f p lasm a IL -6 levels w as carried  out using  a com m ercially  

available ELISA  kit (H um an IL -6 F lexia, B iosource E urope, B elgium ). N inety-six  

well plates (C om ing, USA) were coated with capture antibody (lOOfxI, 1:200) diluted 

in coating buffer (pH  7.4 , com position; 8.0g N aC l, 1.42g N a2H P0 4 , 0 .2g K C l, 0 .2g 

KH2PO 4UP to 1 litre distilled water) and incubated for 18 hours at 2-8°C.
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The contents o f the plate were em ptied  and incubated w ith 200|j,l o f  b locking 

buffer (pH 7 .4 , com position; 8.0g N aC l, 1.42g N a2H P 0 4 , 0 .2g  K C l, 0 .2g K H 2PO 4, 

5.0g BSA up to 1 litre d istilled water) for 2 hours at room  tem perature. P lates were 

washed four tim es w ith wash solution (pH 7.4, com position; 9 .0g N aC l, 1 ml Tw een- 

20  up to 1 litre distilled water).

A standard curve was obtained using the supplied IL -6  reconstitu ted  w ith 4.3m l 

hum an serum  to contain a concentration o f IL -6  o f  10 ,000pg .m r'. Serial dilutions o f 

the reconstituted IL -6  standard were m ade starting from  1,000 pg.m l ’ to 15.6 pg.m l ' 

using hum an serum .

D uplicate standards and undiluted sam ple plasm as (lOOfxl) w ere added to  each 

w ell. The H R P-labelled  detection antibody w as d ilu ted  1:11 in an tibody d iluent 

buffer (pH 7 .4 , com position; 8.0g N aC l, 1.42g N a2H P 0 4 , 0 .2g K C l, 0 .2g  K H 2PO 4, 

lO.Og BSA up to 1 litre d istilled w ater), and 50|xl o f detection antibody w ere added 

im m ediately to each w ell. The plate was incubated fo r 2 hours at room  tem perature 

with continual shaking. A fter w ashing four tim es with w ash solution, bound antibody 

conjugate activ ity  was expressed by incubation for 30 m in w ith TM B chrom ogen 

(Sigm a, U K ). A fter 30 m in, the co lour reaction was stopped w ith the addition  o f 

100|j.l o f 2.5M  H2SO 4. The absorbance values w ere determ ined by reading the plate at 

a wavelength o f 450nm  within 30 min.

IL -6  p lasm a concentrations were calculated from  the standard curve constructed  

by p lo tting  the abso rbance  for each  standard  aga in st the know n co n cen tra tion  

(r=0.999, Y =(948.88)X -18.94). U nknow n sam ple concentrations w ere read from  the 

standard curve using the average absorbance value for the duplicate sam ples tested.
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3 ‘Effects o f  long- and short-term exercise training on 

sympathetic activation in young healthy males  ’

3.1 Introduction

Regular aerobic exercise training leads to resting bradycardia, which is thought to 

be due to an alteration in cardiac autonomic control; increased parasym pathetic 

activity, decreased sympathetic activity, or a combination of both (Scheuer & Tipton, 

1977). Chronic training is also associated with decreased resting blood pressure, 

which may involve reduced peripheral sympathetic nervous drive; however, this issue 

remains equivocal. Evidence which promotes the notion of reduced sympathetic 

output with training includes decreased plasm a catecholam ines, catecholam ine 

spillover and muscle sympathetic nerve activity (Scheuer & Tipton, 1977; Barnard, 

1975; Grassi et al., 1994; Huonker et al., 1996). H owever, some studies have 

reported no change in muscle sympathetic nerve activity with training (Seals, 1991; 

Ray & Hume, 1998).

In addition to reduced resting sym pathetic drive, aerobic exercise training is 

associated with lower sympathetic activation to any given workload o f dynamic 

exercise (Scheuer & Tipton, 1977), evident by a reduced plasm a catecholam ines 

response (Barnard, 1975; W inder et al., 1978) and reduced muscle sympathetic nerve 

activity (Ray & Hume, 1998).

Aswell as the possible effects o f training on both resting and exercise 

sympathetic activity, the sympathetic component o f baroreflex control may be altered. 

A reduced cardiac sympathetic response to depressor doses of nitroprusside (Kingwell 

et al., 1992) and greater reductions in heart rate and muscle sympathetic nerve activity 

to pressor doses o f phenylephrine (Grassi et al., 1994) have been observed post

training. Comparable effects have also been shown in animal studies, where the 

baroreflex response of renal sympathetic nerve activity is decreased after training 

(DiCarlo & Bishop, 1988; Negrao et al., 1993).

I have previously observed that reflex heart rate responses to the Valsalva 

manoeuvre and to standing are altered in magnitude in athletes (O ’Sullivan & Bell,
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1999). However, other investigators have not found training to have an effect on the 

neural sympathetic responses to stimuli such as the cold pressor test or isometric 

exercise (Seals, 1991). The aim of this study was to therefore revisit the notion that 

training effects cardiovascular control, with the hypothesis that sympathetic activation 

is blunted in a non-specific, exercise-independent manner.

To test this hypothesis, the effect of different levels of fitness on blood pressure, 

heart rate and forearm conductance responses to a series of standard autonomic reflex 

tests were assessed. The tests chosen were a sustained handgrip, mental arithmetic 

and the cold pressor test. W hile all tests evoke sympathetically mediated rises in 

blood pressure, they exert differential effects on the other param eters m easured. 

Collectively, these tests allow evaluation of a variety of central sympathetic pathways, 

carrying information both linked to, and independent of those conveying the somatic 

information associated with exercise. In addition to cross-sectional data, the effects of 

short-term training on autonomic control in previously unfit subjects who undertook a 

moderate intensity, 5-week exercise programme were assessed.
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3.2 Methods

3.2.1 Subjects

Sixteen young healthy male subjects (21-30 yrs) were recruited on the basis of 

perform ing (n=8), or not performing (n=8), regular physical training more than 3 

times per week. Athletes were recruited from Trinity College sports clubs and 

consisted of three rowers, three runners, one squash player and a marathon canoeist. 

Unfit subjects were recruited from the Departments of Physiology and Computer 

Science, and were not involved in regular aerobic exercise regimes. There was one 

smoker (10/day) in each of the groups.

3.2.2 Experimental protocol

Subjects were required initially to attend the laboratory on two occasions. They 

were instructed to abstain from caffeine, alcohol, nicotine and exercise in the twelve 

hours before an experimental session in an effort to reduce the effects stimuli on the 

cardiovascular system. All testing took place between 0900-1300 hrs at an ambient 

temperature o f 20“C. Session one comprised a medical exam ination followed by a 

maximal oxygen consum ption incremental exercise test to quantify fitness level. 

Subjects were also familiarised with the experimental procedure for the stress tests 

during this session. They then reported on a second day for testing, where the heart 

rate, blood pressure and forearm blood flow responses to sustained handgrip, mental 

arousal and cold exposure w ere m easured. Experim ents took place between 

November and January.

3.2.3 Maximal fitness testing

Subjects perform ed a standard incremental fitness test to establish maximum 

oxygen consumption, as described in Chapter 2.

3.2.4 Sympathetic activation testing

Subjects were seated comfortably in an upright position, and performed each of 

the three stress tests described in Chapter 2. A standard frontal plane ECO was 

recorded continuously via a MacLab data acquisition system and displayed together 

with beat-to-beat heart rate, and forearm  blood flow was m easured in the non-
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dom inant limb by venous occlusion plethysm ography. A rterial pressure was 

measured by auscultation by an investigator blinded to the training status of subjects. 

Mean arterial pressure was calculated as one-third systolic pressure plus two-thirds 

diastolic pressure, and forearm vascular conductance was calculated as the inverse of 

forearm blood flow divided by mean arterial pressure. Initial baseline values were 

obtained during a ten min rest period, and care was taken to ensure all parameters had 

returned to a stable baseline before presentation of the next stimulus.

In parallel experiments (Chapter 4), the magnitudes of cardiovascular responses 

to the each test when repeated over several weeks were compared in order to ascertain 

any habituative effects. No indications were seen o f dim inution o f responses over 

time.

3.2.5 Training programme

Following the initial testing sequence, all unfit subjects underw ent a 5-week 

supervised training programme consisting of three 30 min sessions per week on a 

Monark 824E cycle ergometer. Training intensity was set at 60% of the maximum 

pow er output (W atts) achieved at the subject’s VOjpeak- Post-training, subjects 

performed a second maximal fitness test, and a second series o f stress tests in the 

same order as pre-training.

3.2.6 Statistical analysis

Group results were expressed as mean ± S.E.M. and were analysed with unpaired 

(for fit versus unfit results) and paired (for pre- and post-training, and intra-group over 

time) Student’s two-tailed t tests. P was considered significant at <0.05.
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33  Results

3.3.1 Subject characteristics

Physical and resting cardiovascular characteristics of fit and unfit subjects, and 

pre- and post-training, are presented in Table 3.1. There was no significant difference 

in height, body mass or BMI between the fit and unfit groups.

The subjects recruited as potentially fit had higher VOjpeak values than those in the 

unfit population, who were of the fitness level regarded as sedentary for their age 

group (Plowman & Smith, 1997). Resting heart rates and blood pressure after the 

initial rest period were lower in the fit than in the unfit population; however, before 

each stimulus was presented, there was no significant difference in the mean arterial 

pressure between both groups. Forearm blood flow was higher in the fit group, but 

there was no difference in forearm vascular conductance.

Post-training, previously unfit subjects showed a small (5%) but significant 

increase in fitness typical of 5 weeks training at the training intensity and frequency 

undertaken (Plowman & Smith, 1997) (see Table 3.1). Both time to fatigue (16.5 

±1.2 cf 19.8 ± 1.2 min, ^*<0.05) and the heart rate at lactate threshold (131 ± 6 cf 145 

± 3 beat.min ' , P<0.05) during the incremental fitness test were significantly improved 

by training. However, due to a small decrease in body mass post-training, V02peak 

expressed as L.min ' was not quite significantly higher post-training (3.99 ± 0.4 cf 4.2 

± 0.1 L.m in ' , P = 0 .07). Short-term  train ing had no effect on any resting 

cardiovascular parameter.

3.3.2 Sustained handgrip

There was no difference in the time to fatigue for the sustained handgrip test 

between fit and unfit subjects (121 ± 12 cf 111 ± 15 s). In both groups, handgrip was 

accompanied by a progressive elevation of heart rate and blood pressure (see Figure 

3.1A, 3.2A); however, these responses were reduced in the fit group.

Figure 3.1 A shows the mean arterial blood pressure response over time to the 

handgrip test. By 100% fatigue, fit subjects had a lower mean arterial pressure than 

unfit subjects (122 ± 6.2 cf 140 ± 3.7 mmHg, P<0.05). This blunted pressor response 

was a result of a combination of reduced systolic blood pressure (145 ± 6.8 cf 170 ± 

7.5 mmHg, / ’<0.05), and a reduced diastolic blood pressure (106 ± 6.2 cf 126 ± 4 .0
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mmHg, P<0.05) at fatigue. However, due to fit subjects starting from a slightly lower 

baseline value, the absolute magnitude o f mean arterial pressure increase was not 

quite significantly different between groups (31 ± 5.8 cf 44 ± 3.5 A mmHg, P=0.07, 

Figure 3 .IB).

After a 5-week period of training, the sustained handgrip time to fatigue was not 

changed (pre. 111 ± 15 cf post, 105 ± 9 s). Like the chronically trained group, 

previously unfit subjects showed a substantial degree of attenuation o f mean arterial 

blood pressure responses after short-term  training. Paired analysis revealed a 

significantly lower mean arterial blood pressure at fatigue (131 ± 2.0 cf 140 ± 3.7 

mmHg, P<0.05, Figure 3.1 A) relative to the pre-training situation. This was due to a 

slight, but insignificant reduction in both systolic (156 ± 1.6 cf 170 ± 6.1 mmHg) and 

diastolic (118 ± 2.3 cf 126 ± 3.3 mmHg) blood pressure responses to isometric 

exercise. The magnitude of pressor response to the isometric handgrip test was also 

reduced after short-term training (39 ± 1.6 cf 44 ± 3.5 A mm Hg, P<0.05, Figure 

3 .IB).

The heart rate response to sustained handgrip was blunted in the fit compared 

with unfit group (see Figure 3.2A), reaching a value of 83 ± 4.7 cf 107 ± 3 .9  beat.min"

' (P<0.01) at 100% fatigue. The absolute increase in heart rate was also attenuated in 

fit compared with unfit subjects (17 ± 4.4 cf 34 ± 4.6 A beat.min ', P<0.05, Figure 

3.2B). After short-term training, the heart rate achieved at fatigue point was lower in 

the previously unfit group (95 ± 5.4 cf 107 ± 3.9 beat.m in ',  P<0.05), and not 

statistically different to that obtained in chronically trained subjects. The magnitude 

of response however was found to be not quite significantly different to that seen pre

training (19 ± 6.0 cf 34 ± 4.6 A beat.min ',  P=0.08), but also not different to the 

magnitude of heart rate increase seen in the chronically fit group (Figure 3.2B).

Rate-pressure product was higher in the unfit than fit group at 100% fatigue (178 

± 9.8 cf 129 ± 11.6 unit, P<0.01). The absolute increase in rate-pressure product was 

also higher in the unfit subjects (90 ± 10.2 cf 42 ± 8.6 A unit, P<0.01). After short

term training, the absolute rate-pressure achieved (178 ± 9.8 cf 147 ± 8.2 unit, 

P<0.05), and the magnitude o f increase (90 ± 10.2 cf 58 ± 8.9 A unit, P<0.01) at 

100% fatigue were reduced compared with pre-training values.

In the unfit population, handgrip was accompanied by vasodilatation, indicated 

by a significant increase from rest in forearm  blood flow (3.1 ± 0.4 to 7.1 ±
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l.l(m l.m in ') .1 0 0 m r', P < 0 .01 , Figure 3.3A ), and forearm  vascular conductance 

(0.032 ± 0.004 to 0.05 ± 0.007 (ml.min ').100ml '.m m Hg ‘, F<0.05, Figure 3.3C) at 

100% fatigue. In contrast to this, fit subjects showed no change in forearm  

haemodynamics in response to handgrip (Figure 3.3A,C). Similarly, after short-term 

training, the vasodilator response previously seen in the resting limb pre-training was 

no longer apparent (Figure 3.3B,D).

3.3.3 Mental arithmetic

In response to mental stress, mean arterial blood pressure was increased in both 

groups, but the response tended to be decreased in the fit population (106 ± 4 cf 114 ± 

3 mmHg, P=OA). This was mainly due to a reduced diastolic blood pressure, which 

reached significance only after 1 min (85 ± 3.5 cf 97 ± 3.2 mmHg, P<0.05, Figure 

3.5A). After 5 weeks training, the mean arterial pressure response to 2 min mental 

arithmetic was significantly reduced (105 ± 3.2 cf 114 ± 2.8 mmHg, P<0.05, Figure 

3.4A), to a value not different from that seen in the fit group. This reduction in mental 

stress blood pressure responsiveness resulted from a reduced systolic pressure (Figure 

3.5B). The magnitude of the pressor response to mental stress was also reduced by 

short-term training (12 ±2.1 cf 20 ± 2.8 A mmHg, F<0.05, Figure 3.4B).

Mental arithmetic caused an initial increase in heart rate after 15 s that was of 

similar magnitude in both the fit and unfit groups (25 ± 5.0 cf 27 ± 2.7 A beat.min '). 

H owever, after 60 s, heart rate had returned to resting levels in the fit group, and 

rem ained elevated for the duration o f the mental stress test in unfit subjects only. 

Thus, fit subjects had a lower heart rate at 2 min than unfit subjects (71 ± 3.7 c f 86 ±

4.3 beat.m in'‘, P<0.05, Figure 3.6A). After 5 weeks training, mental arithmetic was 

also not accom panied by an increase in heart rate from rest (Figure 3.6B). The 

magnitude of heart rate increase after 2 min of mental stress was also reduced by 

short-term training (5 ± 1.9 cf 14 ± 3.9 A beat.min ', P<0.05, Figure 3.6B).

Rate-pressure product was higher in the unfit group after 1 min mental arithmetic 

(131 ± 4.9 cf 107 ± 7.5 unit, P<0.05), but not after 2 min arithmetic. The absolute 

increase in rate-pressure product after 1 min was also higher in the unfit subjects (42 ± 

1.9 cf 29 ± 1.2 A unit, P<0.05). Again, there was no difference between fit and unfit 

subjects after 2 min mental stress. After the 5-week training program m e, rate- 

pressure product was reduced at 1 min (106 ± 6.5 cf 131 ± 4.9 unit, f*<0.05) and 2
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min (101 ± 6.9 cf 125 ± 7.0 unit, P<0.05). Similarly, the absolute increase in rate- 

pressure product was attenuated by short-term training at either time point (2 min, 13 

± 0.7 cf 36 ± 4.0 A unit, / ’<0.01).

Mental stress is known to cause skeletal muscle vasodilation. In the unfit group, 

mental arithmetic was accompanied by an increase in conductance by 30 s (0.028 ± 

0.003 to 0.06 ± 0.015 (ml.min ').lOO m r'.m m H g ', F<0.05) which remained elevated 

until the end of the mental stress test (0.028 ± 0.003 to 0.04 ± 0.006 (ml.min ‘).100ml' 

'.mmHg ’, P<0.05, see Figure 3.7C). However, as with the sustained handgrip test, no 

changes were seen in forearm vascular responses in fit subjects at any time during the 

mental arithmetic challenge (Figure 3.7A,C). Similarly, just as vasodilator response 

to sustained handgrip was abolished after short-term training, the increase in forearm 

vascular conductance to mental arithmetic subjects was not apparent after short-term 

training (Figure 3.7B,D).

3.3.4 Cold pressor test

2 min cold exposure caused a rise in mean arterial blood pressure that was 

blunted in the fit population (103 ± 2.5 cf 117 ± 4.2 mmHg, P<0.05, Figure 3.8A). 

The magnitude o f pressor response was also reduced in the fit com pared with unfit 

populations (12 ± 2.2 cf 22 ± 3.9 A mmHg, P<0.05, Figure 3.SB). This blunted 

pressor response was due to a reduced diastolic blood pressure during the cold pressor 

test (2 min, 87 ± 1.8 cf 105 ± 4.5 mmHg, P<0.01). Cold exposure caused only an 

initial increase in heart rate, which was similar between groups, but returned to resting 

levels in both populations by the end of the test (Figure 3.9). Despite the attenuated 

pressor response of fit subjects, the degree of forearm vasoconstriction in response to 

cold was similar for both groups (Figure 3.10).

In contrast to the sustained handgrip and mental arithmetic tests, where short

term training had a significant lowering of cardiovascular responses that was similar 

to the responses seen in chronically trained subjects, there was no change in the 

cardiac responses to cold exposure after short-term  training (Figure 3.8, 3.9). 

However, short-term training did appear to blunt the vasoconstrictor response to the 

cold pressor test (see Figure 3.10).
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Fit Unfit Post-training.

Height (cm) 183 ±2.9 177 ±2.2 177 ±2.2

Body Mass (Kg) 80 + 3 75 ±3.4 74 ±3.3^

BMI (Kg.m )̂ 24 ± 1 24 ± 1 23 ± 1

VOjpeak ((ml.min ').Kg ') 68 ± 2.8 54 ± 2.3 * 57 ± 2 ^

Heart Rate (beat.min ') 57 + 3.4 70 ±3.3 67 ± 2.9

Systolic pressure (mmHg) 123 ±2.3 127 ±2.2 118 ±2.3

Diastolic pressure (mmHg) 82 ± 1.43 78 ± 1.8 79 ±2.8

MAP (mmHg) 88 ± 2.4 95 ± 1.0 * 92 ± 2.7

Rate-pressure product 84 ±5.8 89 ±3.2 89 ±5.6

Forearm blood flow 4.7 ±0.5 2.9 ±0 .2  * 3.9 ±0.5

(ml.min').lOOmr'

Forearm conductance 0.05 ± 0.01 0.03 ± 0.01 0.06 ± 0.02

((m l.m in‘).100mr‘.mmHg’)

Table 3.1 Physical and resting cardiovascular characteristics of fit and unfit 

subjects, and before and after training. * denotes a significant difference between 

fit and unfit subjects, and § denotes a significant difference before and after training.
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Figure 3.1 Effects of training on the blood pressure response to a 

sustained handgrip. A. Chronically trained, and short-term trained 

subjects had reduced mean arterial pressure responses to a sustained 

handgrip. * fit vs. unfit subjects, t  before and after training (F<0.05). B. 

The absolute magnitude of the response tended to be reduced in fit 

subjects, and was decreased by short-term training. * denotes a significant 

difference between groups. P<0.05.
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Figure 3.2 Effects of training on the heart rate response to a 

sustained handgrip. A. The heart rate response to the sustained 

handgrip test was blunted in the chronically fit group, and after short

term training. * fit vs. unfit subjects, f  before and after training 

(P<0.05). B. The magnitude of heart rate response was reduced in the fit 

group, and tended to be reduced after short-term training. * denotes a 

significant difference between groups (P<0.05).
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Figure 3.3 Effects of training on forearm vascular responses to a 

sustained handgrip. Handgrip caused a significant increase in forearm 

blood flow (A) and forearm vascular conductance (C) in unfit subjects 

only. After short-term training, these increases were no longer significant 

(B,D). * denotes a significant increase from rest in unfit subjects

(P<0.05,**P<0.01)
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Figure 3.4 Effects of training on the blood pressure response to 

mental arithmetic. A. The mean arterial response to stress was reduced 

in fit subjects at 30 and 60 s, and by short-term training after 60 and 120 

s. * fit vs. unfit subjects, f  before and after training (P<0.05). B. The 

absolute increase in blood pressure was not different between fit and 

unfit groups, but was reduced by short-term training. * denotes a 

significant difference between groups (/’<0.05).
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Figure 3.5 Effects of training on the systolic and diastolic blood 

pressure response to mental arithmetic. A. The reduced mean 

arterial blood response in fit subjects was due to reduced diastolic 

pressure. B. After short-term training, the reduction in mean arterial 

pressure was due to reduced systolic blood pressure. * denotes a 

significant difference between groups (P<0.05).
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Figure 3.6 Effects of training on the heart rate response to mental 

arithmetic. A. Mental stress caused an initial increase in heart which 

returned to resting levels in fit, but not unfit individuals. * fit vs. unfit 

subjects, t  before and after training (P<0.05). B. Heart rate was 

increased from rest in the unfit group only. The magnitude of heart rate 

response was reduced by short-term training. * denotes a significant 

difference between groups, § denotes a significant increase from rest 

(P<0.05).
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Figure 3.7 Effects of training on forearm vascular responses to 

mental arithmetic. Mental stress caused a significant increase in 

forearm blood flow (A) and forearm vascular conductance (C) in the unfit 

subjects only. After short-term training, these increases were no longer 

significant (B,D). * denotes a significant increase from rest in the unfit 

group (P<0.05, **P<0.01).
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Figure 3.8 Effects of training on the blood pressure response to the 

cold pressor test. A. The pressor response to cold exposure was blunted 

in fit subjects, but not after short-term training. * fit vs. unfit subjects, § 

fit vs. short-term training (P<0.05). B. The absolute increase in blood 

pressure was significantly reduced in fit subjects compared with unfit, or 

short-term trained subjects. * denotes a significant difference between 

groups (P<0.05).
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Figure 3.9 Effects of training on the heart rate response to the cold 

pressor test. There was no difference in the initial increase in heart rate 

to cold exposure between fit and unfit subjects, and in both groups, heart 

rate returned to resting levels after 60 s. * fit vs. unfit subjects, § fit vs. 

short-term trained subjects (P<0.05, **P<0.01).
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Figure 3.10 Effects of training on forearm vascular responses to cold 

presor test. Cold exposure caused a significant decrease in forearm blood 

flow (A) and forearm vascular conductance (C) in both fit and unfit 

subjects. After short-term training, this was only significant during the first 

minute of cold exposure (B,D). * denotes a significant decrease from rest 

in unfit subjects, t in fit subjects, and § after short-term training, P<0.05.



3.4 Discussion

This study evaluated cardiovascular responses to several stressors in chronically 

fit and unfit men, and compared the differences with those produced by a short-term 

training programm e. Subjects with a high degree of pre-existing fitness exhibited 

reduced tachycardia and pressor responses to handgrip exercise, mental arithmetic and 

the cold pressor test, when compared with age-matched unfit subjects. Additionally, 

fit subjects showed reduced forearm dilator responses during handgrip exercise and 

mental stress. After short-term training o f the previously unfit population, the heart 

rate, blood pressure and forearm dilator responses were reduced compared with pre

training values, and similar to that seen with chronic training.

The pressor and tachycardic responses to isometric exercise are thought to be 

in itia ted  from  cen tra l com m and, m uscle m echano recep to rs  and m uscle  

chemoreceptors (Lind et al., 1964; Rowell, 1993). Several studies have previously 

reported reduced pressor responses to isometric exercise following training involving 

the same muscle groups as are used to initiate the response (Fleck & Dean, 1987; 

Somers et al., 1992) and it has been suggested that the effect of training is to reduce 

muscle chem oreceptor activation (Somers et al., 1992). However, previous studies 

(Longhurst et al., 1980; O ’Sullivan & Bell, 2000) have also shown a blunted heart 

rate response to handgrip exercise in endurance-fit subjects. In addition, the present 

study demonstrates blunting of both cardiac and pressor components after only a short 

programme of cycle ergometry training at a moderate workload. This suggests that 

training-induced alterations of the exercise pressor reflex need not involve the same 

muscle groups that undertake the test contraction. However, it should be noted that 

several o f the fit subjects would show a degree o f forearm  training (the row er, 

canoeist and squash player), and it can also not be eliminated that there is a forearm  

training effect o f gripping the handle-bars during the cycle ergom etry training 

programme. Such an effect of forearm training could be to desensitise mechano- and 

chemo-receptors within the trained forearm leading to blunted responses. H owever, 

since central command can still bring about a normal increase in blood pressure and 

heart rate when sensory feedback is blocked or in patients with sensory neuropathies 

(see Rowell, 1993), this might still not com pletely explain the blunting effects of 

training on the exercise pressor response.
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In agreement with the findings of the present work, Fisher and White (1999) 

recently reported that after one-legged training there is similar attenuation of pressor 

responses to isometric exercise performed in either the trained or untrained limb. This 

would support the notion that the blunting effect of training in response to isometric 

exercise may also occur at a higher level than the peripheral sensory inputs. An 

additional factor which may be of importance is that the heart rate response of trained 

subjects in the present study was markedly lower than that in the untrained subjects. 

This also supports the notion of reduced central command, as heart rate responses to 

isometric exercise is thought to be brought about prim arily by central command 

(Rowell, 1993).

In line with the present data, several studies employing microneurography have 

reported that aerobic and forearm exercise training can be associated with reduced 

muscle sympathetic nerve activity (MSNA) responses to isometric exercise (see Ray 

& Hume, 1998). By contrast. Seals (1991) found no difference in either the pressor or 

MSNA response to sustained forearm contraction between fit and unfit subjects. The 

Seals study utilised only 30% maximum voluntary contraction and the small pressor 

responses produced with this low intensity exercise may not have been sufficient to 

reveal any group difference. Furtherm ore, since no information was given on the 

duration of contraction, this might not have been sufficient to elicit a maximal 

sympathetic response. From experience, differences in pressor effects o f handgrip 

between fit and unfit subjects becom e most pronounced as the fatigue stage is 

reached.

In agreement with the hypothesis that training decreases pressor responses non- 

specifically, a similar degree of blunting of blood pressure and heart rate responses to 

mental arithmetic as to sustained handgrip was seen in fit subjects. Nonetheless, there 

does appear to be some difference between exercise-linked and exercise-independent 

stimuli, since short-term training did not affect responses to mental arousal to the 

same extent as in the chronically fit group, while both training durations were equally 

effective in blunting responses to handgrip. Somewhat sim ilar findings have been 

reported elsewhere. De Gues et al. (1990) found some relationship between fitness 

levels and diastolic blood pressure responses to coping tasks, but reported no effect on 

these after 7 weeks training. Similarly, Steptoe et al. (1990) noted a tendency for
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reduced heart rate reactivity in fitter individuals, but failed to find any effect of 10 

weeks training on stress reactions.

Interestingly, it was found that cold pressor reflex cardiovascular responses were 

less affected by training than either of the other stressors studied. Although the fit 

group showed a reduced pressor effect of cold exposure relative to that of the unfit 

subjects, similar blunting of this response was not seen after short-term training. It 

may be that the degree of adaptation is less after 5 weeks o f training than in the 

chronically fit individuals, and that this adaptation may be overridden by a high- 

intensity sensory input. A lternatively, since sympathetic activation during both 

exercise and mental arithmetic is initiated from the cerebral cortex, while afferent 

information from cutaneous cold receptors enters the hypothalamus directly, another 

interpretation of our findings could be that the adaptive effects o f training on 

sympathetic drive occur preferentially at a supra-hypothalamic level.

Bilateral vasodilatation in limb skeletal muscle is well documented as occurring 

during cerebral arousal (Blair et al., 1959; Allwood et al., 1959, F en d  et al, 1959, 

Dietz et al., 1994). More recently, a vasodilator response has also been shown to 

occur in the contralateral forearm musculature during isometric handgrip exercise 

(Eklund et al., 1974; Dietz et al., 1997). It has been suggested that the dilatation 

occurring in a resting limb is due to unintended muscle contractions (Cotzias & 

Marshall, 1993; Jacobsen et al., 1994). In the present study however, this is not likely 

to have been a factor, since no movement artefacts were observed on the venous 

plethysmography record (see Appendix X). Thus, the blood flow increases observed 

are likely to be independent of local metabolic factors.

Substantial controversy exists as to whether the increased blood flow seen during 

handgrip exercise and mental arousal is due to active neural sympathetically mediated 

vasodilation (see Joyner &. Halliw ill, 2000). In both situations, studies using (3- 

adrenoceptor blockade have suggested that adrenom edullary activation may be 

involved (Barcroft et al., 1960; Eklund & Kaijser, 1976; Halliwill et at., 1997; Joyner 

&. H alliw ill, 2000). The involvem ent o f sym pathetic neural activation was 

dem onstrated by the absence of vasodilation in patients who had undergone 

sympathectomy (Blair et al., 1959). Furthermore, atropine has been found to abolish 

the vasodilator response in a num ber of studies, supporting the involvem ent of 

cholinergic fibres (Blair et al., 1959; F en d  et al., 1959; Sanders et al., 1989; Dietz et
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al. ,  1994; D ietz et al, 1997). Some o f this work has also found inhibitors of 

endothelial nitric oxide production to reduce the dilator response (Dietz et al., 1994; 

Dietz et al, 1997). Segal & Kurjiiaka (1995) suggest that the increase in blood flow 

actually results from acetylcholine spillover from motor nerves stimulating NO during 

exercise.

Work from the present study has shown for the first time fit subjects showed no 

change in forearm  vascular resistance during either mental arousal or sustained 

handgrip exercise. Similarly, both dilator responses were abolished post-training in 

the previously unfit population. This data suggests that training is associated with 

reduced vasodilation in situations that are both related and unrelated to exercise. This 

finding is of considerable interest in relation to control of muscle perfusion during 

exercise. The dilator response to mental arousal has been interpreted widely as being 

in anticipation o f motor movement; and suggested to optimise intramuscular blood 

delivery during the first seconds of contraction, prior to the onset o f metabolic 

dilatation (see Folkow & Neil, 1971; Bell, 1983). By contrast, the observation of an 

inverse relationship between dilator responsiveness and fitness casts doubt on dilator 

processes being important for optimal muscle blood flow either during exercise or at 

its onset, at least in fit individuals.

W hile this data sheds no light on the m echanism s involved in forearm  

vasodilation, some further conclusions on this topic can be drawn. As NO production 

is increased with training, an enhanced dilator responses would be expected to 

stimulation of cholinergic nerves during exercise or mental stress. This suggests that 

either the dilator response to stress is not cholinergically mediated, or that the neural 

response is blunted in athletes. If  the dilator response results from  circulating 

catecholamines, this would suggest that Pj-receptors are much downregulated post

training, which is a less likely scenario. Thus, results from the present study would 

support the notion o f active sympathetic cholinergic vasodilation during times of 

stress, but that training may dow nregulate sym pathetically m ediated vasodilator 

pathways as well as constrictor pathways.

Interestingly, despite the attenuated pressor response to cold in fit individuals, the 

magnitude o f forearm  vasoconstriction was sim ilar in fit and unfit groups. It is 

possible that the central pathway involved in the sympathetic outflow to forelimb skin 

is separate from those mediating changes in total peripheral resistance. Animal

53



studies have shown that sympathetic vasoconstrictor outflows to different vascular 

beds have distinct patterns of coupling to specific afferent pathways. For instance, 

systemic hypercapnia and activation o f visceral nociceptors both excite muscle 

constric to r neurons but inhibit those supply ing  cu taneous vessels, w hile 

vasoconstriction in response to arterial baroreflex withdrawal is powerful in muscle 

but almost absent in skin (see Janig, 1982). Nevertheless, it is difficult to see how 

such a pattern o f specificity could explain the lack of blunting o f skin vasoconstriction 

in the presence o f a blunted pressor response, since the increase of total peripheral 

resistance associated with cold exposure is accepted as being primarily localised to 

the cutaneous vasculature.

In summary, it has been demonstrated that training is associated with reduced 

cardiovascular responses to stress. W hile the possibility rem ains that blunted 

responses to isom etric exercise result from training-induced muscle adaptations, 

similarly reduced pressor responses to exercise-unrelated stimuli in chronically fit 

individuals supports the notion that sympathetic activation may be downregulated 

post-training. After only a moderate short-term training programme, a similar degree 

of blunting of cardiovascular responses can be induced in previously unfit subjects, 

emphasising that relatively little exercise training is capable o f producing beneficial 

effects on the cardiovascular system. Both short- and long-term training also appears 

to blunt muscle vasodilator responses that normally accompany isometric exercise and 

mental arousal. This suggests that sympathetically m ediated increases in skeletal 

muscle blood flow during isometric exercise may not be im portant in optimising 

muscle perfusion during or in anticipation of exercise.
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4 ‘Ejfects o f short- and long-bout acute exercise on 

cardiovascular control in healthy young males'

4.1 Introduction

R esults from  C hapter 3 indicated that chronic train ing attenuated the 

cardiovascular responses to physical and mental stressors, which is possibly due to a 

non-exercise specific blunting of sympathetic activation. Furtherm ore, short-term 

moderate training was found to be sufficient to induce this adaptation in previously 

unfit subjects. Leading from this arises the question of how much exercise is enough 

to blunt sympathetic activation.

Decreased sympathetic drive may not only be the result of chronic exercise since 

acute exercise is reported to cause a period of reduced blood pressure known as post

exercise hypotension (PEH). PEH is associated with reduced muscle sympathetic 

nerve activity and reduced total peripheral resistance (see Kenney & Seals, 1993). If 

sympathetic drive is reduced post-exercise, it is possible that sympathetic activation 

may be affected in a similar manner post-exercise as occurs post-training. Previous 

studies have reported prior exercise to attenuate (Ebbesen et al., 1992; Rashed et al., 

1997) or not affect (Probst et al., 1997) pressor responses to mental and cold stress. 

However, experimental protocols of varying duration and intensity of exercise make it 

difficult to interpret these findings.

The traditional recom m endation o f 3 thirty  min sessions per w eek for 

cardiovascular health has been redefined to the ‘accumulation of thirty min moderate 

activity on most days’ (American College for Sports M edicine, 1995). It appears that 

short-bout exercise (3 ten min sessions/day) induces sim ilar increases in maximal 

oxygen consumption as do long-bout exercise (thirty min of continuous exercise/day) 

(Ebisu et al., 1985, DeBusk et al., 1990), and may be associated with better adherence 

to training programmes (Jakicic et al., 1995). An improvement in blood lipid profiles 

has also been shown after short bout exercise (W oolf-M ay et al., 1999; Boreham et 

al., 2000). However, no studies to date have addressed whether short bout exercise 

induces similar cardioprotective benefits as continuous exercise.
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Thus, the present study was designed to investigate the effects of a single 

exercise bout on sympathetic activation using a sustained handgrip, the cold pressor 

test and m ental arithm etic as stress tests. A second aim o f this study was to 

specifically assess the effects of a 10 min moderate exercise session on post-exercise 

resting cardiovascular status, and on post-exercise sympathetic activation to physical 

and mental stressors. These results were then compared with those produced by acute 

exercise of other durations and intensities.
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4.2 Methods

4.2.1 Subjects

9 young (18-30 yrs), healthy male normotensive subjects were recruited from 

within Trinity College Dublin on the basis of not performing regular aerobic exercise.

4.2.2 Experimental protocol

Subjects were required to attend the laboratory on five occasions. They were 

instructed not to consume caffeine or alcohol, smoke, or perform  exercise in the 

twelve hours before an experimental session and all testing took place between 0900- 

1300 hrs at an am bient temperature of 20°C. Session one com prised a medical 

exam ination followed by a maximal incremental exercise test to quantify aerobic 

fitness levels. Subjects were also familiarised with the experimental procedure for 

stress testing sessions during this time. They then reported on four days separated by 

at least 5 days each, where the heart rate, blood pressure, stroke volume and forearm 

blood flow responses to a sustained handgrip, mental arousal and cold exposure were 

measured at rest, and after one of the following exercise protocols; 2, 10 or 20 min at 

50% VOjpeak. and 20 min at 75%. VOjpeak The exercise protocols were carried out 

using a random crossover design. Testing took place between July and October.

4.2.3 Sympathetic activation testing

Subjects performed a sustained handgrip, a 2 min mental arithmetic test, and a 1 

min cold pressor test. During each test, heart rate was measured using a three lead 

frontal ECG, blood pressure was measured continuously by tonometry, stroke volume 

was measured by impedance cardiography and forearm blood flow was measured by 

venous occlusion plethysmography (see Appendix VIII). From these param eters, 

mean arterial pressure, stroke volume index, cardiac index, rate pressure product, total 

peripheral resistance and forearm vascular conductance were calculated.

After the pre-exercise sym pathetic activation testing was com plete, subjects 

undertook the prescribed duration and intensity o f exercise. They were allowed 15 

min recovery in a seated position, during which time blood pressure was monitored 

continuously and re-calibrated at five-minute intervals. This was then followed by a 

repetition of each stress test in the same order as pre-exercise.
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4.2.4 Aerobic fitness testing

A erobic fitness was assessed using a standard increm ental fitness test as 

described in Chapter 2. For each subject, a graph was drawn oxygen consumption 

against workload (kg). The maximum workload at VOjpeak was found and used to 

calculate the appropriate workload at 50% and 75% of subject’s V02peak-

4.2.5 Statistical analysis

Group results were expressed as mean ± S.E.M . The effects o f each test on 

cardiovascular param eters pre-exercise was analysed using paired S tudent’s two- 

tailed r-tests. One-way repeated measures analyses o f variance, using Student- 

Newmann-Keuls tests, were used to analyse cardiovascular responses to stress before 

and after each exercise protocol. W here data points were missing, paired Student’s 

two-tailed t tests were used. Linear regression was used to determine any relationship 

between variables. P was considered significant at <0.05.
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43  Results

4.3.1 Subject characteristics

Subject characteristics are presented in Table 4.1.

4.3.2 Effects of exercise on resting cardiovascular parameters

After recovery from each of the exercise protocol, mean resting systolic, diastolic 

and mean arterial pressure returned to pre-exercise baseline levels, but no further 

decreases in resting blood pressure were observed post-exercise (Table 4.2). 

However, PEH was consistently observed in some subjects (n=4), and for these 

subjects, short-bout exercise (2 or 10 min) was as effective at reducing blood pressure 

as the longer durations of exercise (see Figure 4.1). In these subjects, PEH was not 

related with changes in other cardiovascular variables.

Resting heart rate returned to baseline by 15 min post-exercise after the short- 

bout exercise protocols, but was raised after 20 min exercise @ 50% V02peak(77 ± 3.7 

cf 68 ± 4.1 beat.min ', P<0.01), and after 20 min @ 75% VOjpeak (94 ± 3.6 cf 66 ± 4 

beat.m in', P <0.001). Heart rate remained significantly raised after the highest 

intensity exercise protocol for the duration of the post-exercise stress tests. Further 

differences on resting cardiovascular status were dependent on whether or not 

exercise produced an elevation of resting heart rate. Resting stroke volume was 

decreased after 10 min exercise (59 ± 5.2 cf 75 ± 8.7 ml, P<0.05), after 20 min @ 

50% V02peak, (61 ± 3.9 cf 78 ± 5.8 ml, P<0.001) and after 20 min @ 75% VOjp^ak, (46 

±5.7  cf 70 ± 4.8 ml, P<0.01). Without an increase in resting heart rate post-exercise, 

this resulted in decreased resting cardiac output (4.2 ± 0.3 cf 5.2 ± 0.4 L.min ’, 

f ’<0.05) after the 10 min exercise bout. This was accompanied by an increase in 

resting total peripheral resistance, which became apparent before the mental stress test 

(21 ± 1.6 cf 17 ± 1.1 (L.min ’).mmHg ‘, P<0.05). After longer bouts of exercise, 

cardiac output was maintained by an elevated resting heart rate, and total peripheral 

resistance was similar post- and pre-exercise.

Forearm blood flow and forearm vascular resistance were not different after any 

of the exercise protocols.
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4.3.3 Pre-exercise stressor responses

Subjects had a mean maximum voluntary contraction of 48.25 ± 5 .4  Kg, and a 

mean time to fatigue of 70 ± 9 s. Pre-exercise, handgrip caused a large increase in 

heart rate, blood pressure and total peripheral resistance, and a significant decrease in 

stroke volume (see Table 4.3). This was accompanied by a significant increase in 

forearm blood flow in the contralateral arm. Mental arithmetic produced an elevation 

of heart rate and blood pressure, but no changes in stroke volume, cardiac output or 

total peripheral resistance were observed (Table 4.3). Blood pressure was 

significantly increased by one min of cold exposure. This was accompanied by a 

decrease in stroke volume and cardiac output, and a significant increase in total 

peripheral resistance (Table 4.3). Cold exposure caused forearm vasoconstriction, 

indicated by an increase in forearm vascular resistance.

4.3.4 Post-exercise stressor responses

The blood pressure response to each of sympathetic activation tests was not 

affected by 10 min exercise, or by any other exercise protocols (see Figure 4.2-4.4).

After the short-bout exercise protocols (2 and 10 min), the heart rate response to 

each stressor was similar post- and pre-exercise. In contrast to this, when resting 

heart was elevated after the long-bout exercise, heart rate increases to stress were 

attenuated. After 20 min exercise, at either 50 or 75% V02peak, the % increase in heart 

rate to handgrip was reduced (25 ±5.1 cf 40 ± 6 % increase heart rate, P<0.05. Figure 

4.5A), and this was more pronounced after the higher intensity exercise (12 ± 6.9 cf 

25 ± 5.4 % increase heart rate, P<0.05, Figure 4.5A). Similarly, the heart rate 

increase in response to mental arithmetic was reduced post-exercise, but only after the 

highest intensity exercise (3 ± 2.9 cf 13 ± 4.4 % increase heart rate, P<0.05, Figure 

4.6).

After the 10 min exercise bout, the stroke volume response to each of the three 

stress tests was reduced compared with pre-exercise values, and as the heart rate 

responses were unaffected post-exercise, cardiac output during each test was reduced. 

This is illustrated in Figure 4.7 for the mental arithmetic test. Associated with this 

was a general increase in total peripheral resistance during each stress tests (Figure 

4.8).
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The stroke volume responses to stress after the longer bouts of exercise were also 

consistently lower compared with pre-exercise values. However, due to elevated 

heart rates, cardiac output was maintained during the stress tests. This is illustrated 

for mental arithmetic in Figure 4.9. There was no difference in total peripheral 

resistance after longer durations of exercise (Figure 4.10). The decrease in stroke 

volume pre-exercise that was previously seen in response to the sustained handgrip 

(see Table 4.3) was attenuated after 20 min at either exercise intensity (see Figure 

4.5B).

Both handgrip and cold exposure caused an increase in total peripheral resistance 

pre-exercise (see Table 4.3). This was unaffected by prior exercise for handgrip, but 

in response to cold exposure, the increase in peripheral resistance was no longer quite 

significant after 10 min (21 ± 1.6 to 27 ± 4.1(L.min ').mmHg '), P=0.13), 20 min @ 

50% V02peak(19.2 ± 1.0 to 26.5 ± 3.6 (L.min ').mmHg '), P=0.01), or 20 min @ 75% 

VOjpeak exercise (22.6 ± 2.7 to 26.6 ±3.5 (L.min ').mmHg '), F=0.07). Similarly, the 

increase in forearm vascular resistance seen pre-exercise to cold exposure was 

abolished by the 2, 10 and 20 min @ 50% VOjpeak exercise bouts (see Figure 4.11).
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(N=9)

Age (yrs) 24 ± 0.9

Height (cm) 1.77 ±0.02

Body Mass (Kg) 75 ±3.6

BMI(Kg.m'^) 24 ±0.9

VO^peak ((ml.min ').Kg ') 55.4 ± 3.4

Heart Rate (beat.min ') 70 ±3.04

MAP (mmHg) 86 ± 1.7

Stroke volume (ml) 75 ± 4.3

Cardiac output (L.min ') 5 ± 0.2

Total peripheral resistance 18 ± 0.8

(L.min ').mmHg ‘

Forearm vascular conductance 0.04 ± 0.005

((m l.m in').100m r').m m H g'

Table 4.1 Subject characteristics. Subjects were young healthy males, of average 

fitness level, but were not participating in regular aerobic regimes.
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SBP before SBP after DBP before DBF after MAP before MAP after

2 min ex 122 ±3.9 121 ±2.8 68 ± 1.6 70 ±2.1 86 ±2.2 87 ± 2.2

10 min 124 ±2.2 121 ±3.2 69 ± 2.8 68 ± 1.8 88 ±2.3 85 ±2.1

20 min 123 ±2.9 122 ±3.5 68 ±2.3 69 ± 2.6 86 ± 2.4 87 ± 2.7

20 min @75% V02peak 121 ±3.1 120 ±2.5 71 ±2.2 68 ± 1.9 87 ± 2.4 85 ± 1.9

Table 4.2 Resting blood pressure before and 15 min after each exercise protocol. Mean blood pressure was unchanged by prior exercise.
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Sustained Handgrip Mental Arithmetic Cold Pressor

Rest Stimulus Rest Stimulus Rest Stimulus

Heart rate (beat .min ’) 69 ± 3.0 89 ±3.6* 66 ± 2.7 75 ±3.2* 66 ± 2.5 71 ±2.4

Mean Arterial Pressure (mmHg) 87 ± 1.8 120 ± 4 3 * 87 ± 2.0 96 ±3.1* 85 ± 1.7 103 ±4.2*

Stroke Volume (ml) 75 ±4.3 57±4.1§ 73 ±3.7 69 ±3.7 72 ± 4 3 61 ±3.4§

Cardiac Output (L.min ') 5.0 ±0.2 4.7 ± 0.4 4.7 ±0.2 5.1 ± 0 3 4.8 ±0.2 4.2±0.2§

Peripheral Resistance ((L.min ').mmHg ') 18 ±0.8 27 ± 2.4* 19± 13 18± 13 18 ± 1.2 26 ±2.8*

Forearm Blood Flow ((ml.min ').lOOmr') 3.4 ±0.4 4.2 ± 0 .6 * 4.2 ±0.4 4.5 ± 0 3 4.1 ± 0 3 3.7 ±0.5

Forearm Vascular Resistance 32 ±4.6 39 ± 7.0 26 ± 3 3 27 ± 1.9 26 ± 1.9 45 ±5.2*

((ml .m in '). 100m l' .mmHg'')

Table 4 3  Mean cardiovascular responses to the sustained handgrip, mental arithmetic and the cold pressor test before exercise. *

denotes a significant increase from baseline values, § denotes a significant decrease from baseline values.
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Figure 4.1 Effects of varying durations of acute exercise on post

exercise resting mean arterial pressure. Symbols represent subjects. 

There was no reduction in blood pressure post-exercise. However, some 

subjects (open symbols) consistently showed a decrease in mean arterial 

presure blood pressure that was independent of the duration and intensity 

of exercise undertaken.
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Figure 4.2 Effects of prior exercise on the blood pressure response to 

a sustained handgrip. No significant difference was seen in the mean 

arterial pressure response to isometric exercise after any exercise bout. 

Although it appears that the blood pressure response to isometric exercise 

was increased after the highest intensity exercise, this was due only to an 

extremely large response in one subject.
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Figure 4.4 Effects of prior exercise on the blood pressure response 

to a cold pressor test. No significant difference was seen in the mean 

arterial pressure response to cold exposure after any exercise bout.



A
I I pre-exercise 
^  post-exercise

COv _

■c
CO
CD

B

<D

E
o>
CD

o
i_

Cf)

50

4 0

3 0  ■
CD(f)
S 20 
1—
o

10

0

0- 

-5- 

-1 0 - 

-1 5- 

-2 0- 

-2 5- 

-3 0- 

-3 5-

20  min 2 0  min @ 7  5% V 02peak

Figure 4.5 Heart rate and stroke volume responses to a sustained 
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Figure 4.7 Effects of short-bout exercise on the cardiovascular 
responses to mental arithmetic. After 10 min exercise, stroke volume 

was reduced at rest, and at the end stages of mental arithmetic post

exercise, while the heart rate response was unchanged. This resulted in 

reduced cardiac output during mental stress after short-bout exercise. * 

denotes a significant difference pre- and post-exercise (f*<0.05, ** P<0.01).
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Figure 4.8 Total peripheral resistance responses to stress after short- 
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exercise (P<0.05, ** P<0.01).
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Figure 4.9 Effects of long-bout exercise on the cardiovascular 

responses to mental arithmetic. Stroke volume was reduced at rest, and 
at all stages during the mental arithmetic test post-exercise. However, 

heart rate was markedly elevated post-exercise, maintaining cardiac 

output. * denotes a significant difference pre- and post-exercise (P<0.05, 

**P<0.01,***P<0.001).
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4.4 Discussion

The results from Chapter 3 showed that moderate short-term training is sufficient 

to blunt cardiovascular responses to stress. Other evidence suggests that sympathetic 

activity may be down-regulated post-exercise, but it has not been established how 

much exercise is required for this effect. Thus, the aim of the present study was to 

evaluate the effects of varying durations o f acute exercise on post-exercise responses 

to physical and mental stressors. A second aim of the study was to specifically assess 

the effects of short-bout (10 min) exercise on resting cardiovascular status and 

cardiovascular reactivity given the current recommendation for the ‘accumulation’ of 

short-bout exercise rather than continuous long-bout exercise. The results o f the 

present study found that no exercise bout produced a significant reduction in mean 

blood pressure. H ow ever, PEH was observed in some subjects, and in these 

individuals, was independent of the duration or intensity of exercise performed. After 

short-bout exercise (10 min), resting stroke volume and cardiac output were reduced, 

which was associated with an increase in total peripheral resistance. After longer 

bouts of exercise, stroke volume was reduced, but was accompanied by an increase in 

heart rate. Blood pressure responses to sympathetic stimulation tests were unaffected 

by all exercise bouts, but the cardiac responses to stress were altered after more 

intense exercise.

4.4.1 Post-exercise resting cardiovascular status

Post-exercise hypotension (PEH) is defined as a reduction in systolic and/or 

diastolic blood pressure after a single bout of exercise, and is generally associated 

with a reduction in peripheral resistance and sympathetic output. Floras et al. (1989) 

found sym pathetic discharge measured in the peroneal nerve to be decreased in 

subjects in whom PEH was observed. Halliwell et al. (1996) also observed reduced 

muscle sympathetic nerve activity and vascular resistance after exercise, and further, 

that the relation between sympathetic activity and vascular resistance was reduced, 

indicating less vasoconstriction with any increase in sym pathetic activity. O ther 

indications o f a decreased sym pathetic output post-exercise include reports o f 

decreased total peripheral, forearm and hand vascular resistance and decreased plasma 

catecholamines (Cleroux et al., 1992).
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PEH has been docum ented as occurring after as little as 10 min exercise and 

within 5 min post-exercise (MacDonald et al., 2000). However, the present study did 

not find prior exercise to cause a consistent reduction in resting blood pressure in a 

normotensive population. This is both contradictory to (Coats et al., 1989; Hara & 

Floras, 1995; M acDonald et al., 1999,2000, 2001) and in accordance with (Pescatello 

et al., 1991; Cleroux et al., 1992; W allace et al., 1999) previous work in similar 

populations. H owever, while there was no mean change in blood pressure post 

exercise in the present study, a number of subjects did display a consistent reduction 

in blood pressure post-exercise. Interestingly, in the study by Floras et al. (1989), 

PEH was also not observed in all subjects, and in those where blood pressure was not 

reduced, sympathetic discharge was unchanged.

In the present study, for subjects who did display PEH, short-bout exercise was 

equally capable of producing a reduction in blood pressure as long-bout exercise. 

Intuitively, one might expect that the duration o f PEH to be correlated with the 

intensity or duration of the initial exercise, but no such correlation can be drawn from 

the existing literature. Reductions in blood pressure seem to be independent of the 

length or intensity o f exercise (Forjaz et al., 1998; M acD onald et al., 1999; 

MacDonald et al., 2000a).

Evidence of PEH in borderline hypertensive (Floras et al., 1989; M acDonald et 

al., 2000) and hypertensive subjects (Hagberg et al., 1987; Pescatello et al., 1991; 

Cleroux et al., 1992; W allace et al., 1999) is consistent. In the present study there 

also tended to be a positive correlation between resting blood pressure and the change 

in resting blood pressure post-exercise. This suggests that subjects in whom resting 

blood pressure is slightly raised are more likely to exhibit PEH, and the exercise 

required to produce such an effect need not be prolonged or intense. Thus, as a 

cardioprotective mechanism, short-bout, moderate exercise is likely to have a blood 

pressure lowering effect in a hypertensive population. In support of this hypothesis, 

Bennett et al. (1984) reported that after one bout of intermittent exercise (exercise 

heart rate 135 beat.min '), hypertensive subjects showed a reduction in post-exercise 

blood pressure that was not apparent in normotensive subjects after the same exercise. 

Furthermore, a recent study by Forjaz et al. (2000) revealed that PEH was dependent 

on individual characteristics such as weight, body mass index, resting blood pressure 

and gender.



Results on post-exercise systemic haem odynamics are inconsistent within the 

literature, and possible causes for discrepancies between studies have been discussed 

by Kenney & Seals (1993). The present study found significant differences between 

post-exercise cardiovascular param eters depending on the length and intensity of 

exercise undertaken. Stroke volume was decreased after either short- or long-bout 

exercise. This suggests that cardiac contractility is decreased post-exercise, and could 

be due to reduced cardiac sympathetic drive, or reduced (3-adrenergic cardiac receptor 

responsiveness, as has been previously observed in animal and human studies 

(Friedman et al., 1987; M artin et al., 1991). The increase in resting heart rate after 

long-bout exercise bout is likely to be due to withdrawal o f vagal activity. It has 

previously been reported that heart rate is raised post-exercise, and Terziottu et al. 

(2001) found that after 20 min at 80% of subject’s anaerobic threshold, heart rate 

remained elevated for up to 60 min post-exercise. This was found to be associated 

with a decrease in the high frequency com ponent o f spectral analysis, i.e. vagal 

withdrawal. Similarly, Brenner et al. (1997) reported a decrease in vagal tone post

exercise. This is likely to arise in response to increased body temperature after longer 

durations of exercise, as vagal withdrawal is known to be a response to whole-body 

heating (Frey & Kenney, 1979; Gorman & Proppe, 1984).

After short-bout exercise resting stroke volume was reduced, but heart rate was 

unaffected. This resulted in a reduction also in cardiac output post-exercise, and 

increased peripheral resistance. After long-bout exercise stroke volume was also 

decreased, but resting heart rate was raised, and there was no difference in either 

cardiac output or peripheral resistance post-exercise. It is possible therefore, that after 

short-bout exercise, peripheral vasom otor tone may be increased as a baroreflex 

com pensatory m echanism  for reduced cardiac output, w hereas after long-bout 

exercise, cardiac output is maintained by increased heart rate.

4.4.2 Post-exercise stress responses

The pressor and tachycardic responses to a sustained handgrip (isom etric 

exercise) are thought to be initiated both from muscle chemoreceptors and by central 

command (Lind et al., 1964; Coote et al., 1971). Together, this results in an increase 

in cardiac and vasom otor sym pathetic activity leading to increased heart rate, 

peripheral resistance and blood pressure. In the present study, after the short-bout
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exercise, peripheral vasomotor activity during the sustained handgrip appeared to be 

increased, as indicated by the increase in total peripheral resistance. In contrast to 

this, the sympathetic response to the sustained handgrip did not appear to be altered 

after longer durations of exercise, with maintained blood pressure and total peripheral 

resistance responses to isometric exercise, suggesting that long-bout continuous 

exercise has no effect on the peripheral sympathetic gain to the exercise pressor 

reflex. The cardiac response to the handgrip test how ever was reduced after the 

longer (20 min) exercise bouts, with reductions in both heart rate and stroke volume 

responses to exercise. The decrease in the tachycardia response to exercise when 

resting heart rate is already raised suggests that the cardiac response to a sustained 

handgrip is mainly brought about by vagal withdrawal. As the heart rate response to 

the sustained handgrip post-exercise was attenuated, the decrease in stroke volume 

observed pre-exercise was attenuated due to longer cardiac filling.

M ental arithm etic is considered to be an active coping stressor, and is 

accompanied by a mainly cardiac response of increased blood pressure and heart rate. 

Several previous studies have looked at the effects of prior exercise on active coping 

stressors such as mental arithmetic and the Stroop test. Boone et al. (1993) found a 

reduction in blood pressure responses to the Stroop test post-exercise in borderline 

hypertensive subjects, and a reduced blood pressure response to mental stress has also 

been observed in normotensive subjects (Probst et al., 1997; Steptoe et al., 1993). 

This was found to be in the absence of changes in cardiac output or total peripheral 

resistance (Probst et al., 1997), and in the presence of PEH (Steptoe et al., 1993). In 

contrast to this, Ebbesen et al. (1992) did not find 1 or 2 hours o f exercise to have an 

affect on Stroop test responsiveness, nor did they observe PEH. The present study 

also did not find any exercise bout to have a lowering effect on the blood pressure 

response to mental stress. As with the sustained handgrip, after short-bout exercise, 

mental arithmetic was associated with a general increase in total peripheral resistance 

above pre-exercise levels. The heart rate response to mental arithmetic after the 

highest intensity exercise was also affected in a sim ilar m anner to the sustained 

handgrip.

The cold pressor test is a passive coping stress test, and is accompanied by strong 

a-adrenergic vasoconstriction leading to an increase in total peripheral resistance, 

vascular resistance and blood pressure, but without changes in heart rate. Previous

68



studies have reported conflicting results on the effects of prior exercise on the cold 

pressor test. Blood pressure responses are reported to be decreased in borderline 

hypertensive subjects after 1 hr exercise (Ebbesen et al., 1992), and in normotensive 

subjects after 10 min exercise (Rashed et al., 1997). However, Probst et al. (1997) 

did not find that 30 min o f exercise altered the blood pressure, cardiac output or 

peripheral resistance response to the cold pressor test.

In the present study, total peripheral resistance and the forearm  vascular 

resistance responses to the cold pressor test were significantly reduced after short- and 

long-bout exercise. Rashed et al. (1997) also found that the reduction in blood 

pressure to the cold pressor test post-exercise was accom panied by a decrease in 

finger vasoconstriction, which was associated with an increase in finger skin 

temperature. Both these and the findings from the present study may have resulted 

from changes in thermoregulatory mechanisms post-exercise. W ork by Kenny et al. 

(1998) has shown that acute exercise increases the therm oregulatory threshold for 

vasoconstriction and shivering. Thus, this altered response post-exercise is not likely 

to be due to a central modification of descending sympathetic drive.

4.4.3 Summary

The aim of this study was to examine the cardiovascular consequences of short- 

bout exercise and compare them with changes after longer and more intense exercise. 

W hile it was speculated that sympathetic drive would be blunted post-exercise as 

occurs post-training, no reductions in resting blood pressure, or the pressor responses 

to physical or mental stressors were observed after any duration or intensity of 

exercise. However, it is im portant to em phasise that PEH was apparent in some 

subjects, and when did occur, was independent o f the duration of exercise. Some 

variations were observed in the mechanisms o f maintaining blood pressure post

exercise; after short-bout exercise, vasom otor drive appears to com pensate for 

reduced stroke volume, while after long-bout exercise, vagal withdrawal rebalances 

the stroke volume/heart rate relationship. Similar trends were seen during the stress 

tests. Interestingly, increases in vascular resistance to the cold pressor test were 

attenuated by either short- or long-bout exercise, but this is likely to involve changes 

in cold afferent input rather than a reduction in sympathetic drive. In conclusion, 

acute short-bout acute exercise does not appear to have a cardioprotective blunting of
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sympathetic drive or activation in norm otensive subjects, but in a hypertensive 

population, is likely to reduce resting blood pressure as effectively as longer durations 

of exercise.
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5 ‘Ejfects o f  exercise training on markers o f  endothelial 

function in healthy young m ales  ’

5.1 Introduction

Regular exercise training has an anti-hypertensive effect in patients suffering 

from EH (Jennings et al., 1986; Fagard, 1995; Rahn et al., 1999). Some of the 

contributing factors that may be involved in this beneficial aspect of exercise include 

reduced sympathetic nervous activity (Kjaer, 1998), normalisation o f arterial wall- 

lumen ratios (Amaral et al., 2000), improved blood lipid profiles and regression of left 

ventricular hypertrophy (Hagberg et al., 2000). However, the main mechanisms 

contributing to a reduction in resting blood pressure are still not certain.

One o f the characteristics of EH which contributes to the elevation of resting 

blood pressure is an impaired endothelial function (Li et al., 1997; Dominiczak & 

Bohr, 1995, M cA llister et al., 1999). This is thought to be due to a decreased 

bioavailability o f NO (D om iniczak & Bohr, 1995). W ith EH, decreased NO 

production is likely to have a genetic basis, as normotensive offspring of EH patients 

also show impaired basal NO synthesis (M cAllister et al., 1999). The significance of 

im paired NO production is dem onstrated by the finding that inhibition of NO 

synthesis increases mean arterial pressure by 10% and total peripheral resistance by 

46% in healthy humans (Haynes et al., 1993). Further evidence that indicates a loss 

of endothelial integrity in hypertensive patients is the occurrence of elevated numbers 

of CECs (Zhu, 1991). CECs are endothelial cells that have become detached from the 

basal lamina and are detectable in circulation. CECs are reported to be increased 

above normal in a variety o f diseases associated with endothelial dysfunction and 

vascular damage, and have thus become suggested to be in vivo marker of endothelial 

status (Zhu, 1991; Solovey et al., 1997; Mutin et al., 1999; Dignat-George, 2000).

Substantial evidence suggests that exercise has a positive effect on endothelium- 

dependent dilator function, due to shear stress forces caused by increased blood flow 

and pressure during acute exercise bouts (see Shen et al., 1995; Huonker et al., 1996). 

One of the more widely documented effects of shear stress is an increase in NO 

synthesis, which may play a role skeletal muscle vasodilatation that occurs during and
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for a period after an acute bout of exercise (Gilligan et al., 1994; Shen et al., 2000). 

Chronic exercise training enhances basal production of NO (Kingwell et al., 1997) 

and upregulates NO synthase mRNA (Sessa et al., 1994; Shen et al., 1995). In animal 

studies, training has been dem onstrated to enhance N O -m ediated vasodilator 

responses to acetylcholine. This enhancem ent was found not to be due to 

upregulation of the muscarinic receptor (Chen & Liao, 1998), but was eliminated by 

L-NM MA, indicating its reliance on increased NO production post-training (Yen et 

al., 1995; Chen eta l.,  1999).

The aim o f the present study was to test the hypothesis that enhancem ent of 

endothelial function is one o f the adaptations of regular aerobic training that 

contributes to the blood pressure lowering effects of exercise. To test this hypothesis, 

vascular function was assessed in healthy male subjects using reactive hyperaemia 

follow ing b rief arterial occlusion o f the forearm  as a functional m arker of 

endothelium -m ediated vasodilatation. CEC numbers were also m easured as a 

morphologic marker of endothelial integrity. In addition to assess the rapidity with 

which exercise may improve endothelial function, the effects o f training on reactive 

hyperaemia and CEC numbers were studied longitudinally in previously unfit students 

who undertook a moderate intensity, short-term training programme.
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5.2 Methods

5.2.1 Subjects

Sixteen healthy male subjects were recruited on the basis o f performing (n=8) or 

not performing (n=8), regular physical training more than three times a week. Athletes 

were recruited from Trinity College sports clubs and were made of three rowers, three 

from the athletics club (running, circuit training), one squash player and a marathon 

canoeist. Unfit subjects were recruited from the Departm ents o f Physiology and 

Com puter science, and were not involving in regular aerobic exercise regim es. 

Exclusion criteria included diabetes mellitus, hypertension, and atherosclerosis. Total 

blood cholesterol was measured to rule out subjects with hypercholesteraemia, which 

is known to effect endothelial function. There was one smoker (10/day) in each of the 

groups.

5.2.2 Experimental protocol

Subjects were required initially to attend the laboratory on two occasions. They 

were instructed not to consume caffeine or alcohol, smoke, or perform exercise in the 

twelve hours before an experimental session and all testing took place between 0900- 

1300 hrs at an am bient tem perature of 20°C. Session one com prised a medical 

exam ination followed by a maximal incremental exercise test to quantify fitness 

levels. A 9 ml venous blood sample was collected during the medical examination. 

Subjects reported on a second day for testing when the forearm blood flow response 

to 3 min arterial occlusion (reactive hyperaemia) was measured. Testing took place 

between November and January.

5.2.3 Maximal fitness testing

Each subject perform ed a standard increm ental fitness test to measure peak 

oxygen consumption (VOjpeak) as described in Chapter 2.

5.2.4 Blood Studies

Three 3 ml samples o f venous blood were taken in EDTA to measure numbers of 

CECs. The first vacutainer o f blood collected was discarded to ensure there was no 

contamination by endothelial cells from the initial puncture. Isolation of CECs was
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carried out im m ediately after the maximal fitness test, by m ethods previously 

described in detail in Chapter 2. For each subject, the numbers of endothelial cells on 

three slides were counted and used to derive a mean CEC count. To identify the 

isolated cells as being endothelial in origin, cells were stained for von W illebrand 

factor using conventional immunohistochemical techniques. In addition, CECs were 

compared in morphology to endothelial cells removed from rat aorta by mechanical 

strapping and by an en fa ce  method. B riefly, the d issected aorta was opened 

longitudinally, cut into sections and placed face down on slides cooled on a metal 

block. At the first sign of freezing, one corner of the vessel segment was rolled back, 

leaving an intact endothelial layer on the slide. These slides were processed for von 

Willebrand factor as positive controls and stained histologically.

5.2.5 Reactive hyperaemia

Subjects were seated comfortably in an upright position with their arm rested at 

the level of the heart. The test was preceded by a 10 min rest period during which 

time resting forearm blood flow was measured. Forearm blood flow was measured 

continuously. To induce forearm ischaemia, the pressure cuff around the upper arm 

was inflated to a suprasystolic pressure for 3 min. Follow ing pressure release, 

forearm  blood flow was recorded by venous occlusion plethysm ography for one 

minute.

5.2.6 Training programme

Follow ing the initial testing, all sedentary subjects underw ent a 5-week 

supervised training programme consisting of three 30 min sessions per week at 60% 

VOjpeakOn a Monark 824E cycle ergometer. Post-training, a second blood sample was 

taken for CEC analysis, and subjects performed a second maximal fitness test. On a 

separate day, the forearm blood flow response to tissue ischaemia was retested.

5.2.7 Statistical analysis

Group results were expressed as mean ± S.E.M. and were analysed with unpaired 

(for fit versus unfit results) and paired (for before versus after training results) two- 

tailed non-param etric (W ilcoxon or M ann-W hitney) tests, making no assum ption
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about the scatter of the data. Linear regression was used to determine any 

relationships between variables. A P  value of <0.05 was considered significant.
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5 3  Results

5.3.1 Subject characteristics

The subjects recruited as potentially fit had higher VOjpeak values than those in the 

untrained population. There was no significant difference in height, body masses or 

BMI between the fit and unfit groups, see Table 5.1. Fit subjects had lower resting 

mean arterial pressures and higher resting forearm blood flow.

5.3.2 CECs

Fig 5 .IB is a schematic diagram of the different stages of endothelial cell injury 

observed in the rabbit aorta (modified from Bjorkgard & Bondjers, 1972). According 

to the work by Bjorkgard & Bondjers (1972), pre-death, the cytoplasm of endothelial 

cells is non-granular and shows little staining, while the nucleus stains intensely. As 

the stages o f death progress, the cell bulges m arkedly, the cytoplasm  becomes 

granular, and the nucleus is no longer discernable. The upper panel (Figure 5.1 A) 

shows examples of isolated circulating cells from subjects in the present study. The 

cells were rounded, and approximately 40-50 pim in diameter. The cytoplasm stained 

with cresyl violet, and appeared to stain more intensely in more intact cells. The 

majority of CECs tended be of the later stages of cell death, with no visible nucleus 

and often a weakly stained cytoplasm . Figure 5.2 shows some o f the typical 

morphologies of CECs isolated from in the present study. CECs were often seen in 

clusters of 2-3 cells (A), and showed varying degrees o f staining, possibly indicating 

their stage in cell death (B-D). Cells were sometimes rolled up or folded over (E). 

CECs shown in Figure 5.2F-J show the changes in cell morphology accompanying 

changes in staining. There is a progressive increase in size and decreasing definition 

o f the cell membrane as cell staining becomes less dense. There is also increasing 

evidence of large areas that show almost no staining that may represent vacuoles.

Isolated cells w ere identified as endothelia l in origin by m orphological 

com parison with endothelial cells taken from  the rat aorta, and by positive 

immunohistochemical staining for von W illebrand factor. In contrast to a circulating 

endothelial cell (Figure 5.3A), intact endothelial cells in an en fa ce  preparation 

obtained from rat aorta were flattened and elongated, showing little cytoplasmic
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staining, but well-stained nuclei (Figure 5.3B). Both isolated CECs and intact rat 

aortic endothelial cells stained positively for von Willebrand factor (Figures 5.3C, D).

The blood of all subjects was found to contain CECs. Mean CEC counts revealed 

that fit subjects had consistently higher numbers of CECs than did that of unfit 

subjects (71 ± 13.2 cf 41 ± 4 .7  cells.ml ' blood, P<0.05, Figure 5.4). No difference 

was noted in the morphology of cells between groups.

5.3.3 Reactive hyperaemia

Immediately after the release of 3 min arterial occlusion, all subjects showed a 

significant increase in forearm blood flow from resting values. Figure 5.5A is a trace 

from  the plethysm ography system showing an increase in slope during venous 

outflow occlusion, representing greater arterial inflow. The response of unfit subjects 

represented an approximate three-fold increase in blood flow, which is of the correct 

order of magnitude for 3 min occlusion (Carlsson et al., 1987). In contrast to this, the 

magnitude of this response in fit subjects was significantly enhanced compared with 

unfit individuals (20.1 ± 2.7 cf 7.8 ± 0.7 (ml.min ').100m l ' , P<0.001, Figure 5.5B), 

and remained elevated above unfit blood flow values until 50 s post-occlusion. In 

both groups however, the half time to recovery was similar (22 ± 2.8 cf 23 ± 2.7 s), 

and forearm blood flow was not significantly different from rest 30 s post-occlusion.

There was no difference in the heart rate response during reactive hyperaemia 

between the fit and unfit subjects (10 s post-occlusion, 64 ± 3 cf 72 ± 4 beat.m in ').

5.3.4 Post-training

Post-training, previously untrained subjects showed a small (5%) but significant 

increase in fitness (54 ± 2.3 to 57 ± 2 (ml.min ').kg  ', P<0.05) typical o f 5 weeks 

training for the prescribed training intensity and frequency (Plowman & Smith, 1997). 

Both time to fatigue (16.5 ±1.2 cf 19.8 ± 1 .2  min, P<0.05) and the heart rate at lactate 

threshold (131 ± 6 c f 145 ± 3 beat.m in '', P < 0 .05) during the fitness test were 

significantly improved by training. Post-training, subjects showed a small decrease in 

body mass, but no significant change in BMI (Table 5.1).

After short-term training, CEC numbers in young previously unfit subjects rose 

to a mean of 53 ± 6.6 cells.m l ' blood (Figure 5.6). This was not significantly
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different from the value seen in the chronically trained group (P=0.26), but was also 

not quite significantly higher than the CEC count found pre-training {P=0.09).

After training, the peak forearm blood flow response during reactive hyperaemia 

was significantly improved compared with pre-training values (19.3 ± 3.3 cf 7.8 ± 0.7 

(ml.min ').lOO ml ', P<0.01 , and remained higher than pre-training values until 50 s 

post-occlusion (Figure 5.7). The magnitude of the hyperaemia response seen after 

short-term training was not different to that seen in the chronically fit group. There 

was no change in the half time to recovery post-training (24 ± 4.8 cf 23 ± 2.7 s), and 

blood flow had returned to resting values 30 s post-occlusion. There was no 

difference in the heart rate response during reactive hyperaemia pre- and post-training 

(10 s post-occlusion, 72 ± 4 cf 68 ± 3 beat.min ').

5.3.5 Correlations of fitness, CEC numbers and reactive hyperaemia

When fitness levels for all subjects, including both pre- and post-training results 

was pooled, a significant correlation was found between VOjpeak and CEC counts 

(r=0.49, P<0.05, Figure 5.8A). There also tended to be a positive correlation between 

VOjpeak and the peak blood flow response during reactive hyperaemia, but this was not 

quite significant (r=0.29, P=0.086). No correlation was found between CEC counts 

and the peak blood flow response during reactive hyperaemia (r=0.01, F<0.1, Figure 

5.8B).
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Fit Unfit Post-training

Height (cm) 183 + 2.9 177 ±2.2 177 ±2.2

Body Mass (Kg) 80 ± 3 75 ± 3.4 74 ±3.3 ^

BMI (Kg.nr') 24 ± 1 24 ± 1 23 ± 1

VOjpeak ((ml.min ‘).Kg ') 68 ±2.8 54 ± 2.3 * 57 ± 2 ^

Heart Rate (beat.min ') 57 ±3.4 70 ±3.3 67 ± 2.9

MAP (mmHg) 88 ± 2.4 95 ± 1.2 * 92 ± 2.7

Forearm blood flow 4.7 ±0.5 2.9 ±0 .2  * 3.9 ±0.5

(ml.min ‘).100mr'

Forearm conductance 0.05 ±0.01 0.03 ± 0.004 0.06 ± 0.02

((ml .min''). 100ml'' .mmHg'')

Table 5.1. Physical and resting cardiovascular characteristics of subjects. Mean 

± S.E.M. resting data for fit and unfit subjects, and before and after training. * 

denotes a significant difference between the fit and unfit groups (P<0.05), and  ̂

denotes a significant difference before and after training (F<0.05).
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In j u r e d  c e l l

In t a c t  c e l l P r e - m o r t a l P e r im o r t a l P o s t m o r t a l

c
M orphology normal slightly bulging markedly bulging 

nodulated

ballooning 

weakly attached 

with p rocesses

Cytol plasm unstained unstained granular granular

non-granular non-granular stained stained
V acuo les not present associated  

with nucleus

present in som e present in som e

N ucleus slightly bulging nuclear odem a not discernible not discernible
S u rface smooth nodular or rough smooth or 

grossly nodular

smooth and

topically

discontinuous

B

Figure 5.1 Endothelial cell morphology changes with injury and death.
A. A schematic diagram and table o f the characteristics o f progressive 

endothelial cell death (modified from Bjorkgard & Bondjers, 1972).

B. CECs isolated in the present study from all subjects were o f the later 

stages of cell death and without any discem able nucleus.
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Figure 5.2 Morphology of endothelial cells isolated from blood.

A-E, x40 magnification. F-J, xlOO magnification.
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Figure 5.3 Identification of CECs as endothelial in origin. A. An

isolated CEC stained with cresyl violet (xiOO). B. An en face  preparation 

of aortic endothelium stained with cresyl violet (xlOO). C. An isolated 

CEC stained positively for vWF (xlOO). D. En face  preparation of aortic 

endothelium stained positively for vWF (xlOO).
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Figure 5.4 Effects o f chronic training on circulating endothelial 

cells. Fit subjects had a greater number o f CECs per ml of blood than 

unfit subjects. * denotes a significant difference between fit and unfit 

subjects (P<0.05).
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Figure 5^ Effects of chronic training on reactive hyperaemia.
A. Changes in strain gauge plethysmography pre- and post-occlusion. B. 

3 min arterial occlusion lead to a 2-3 fold increase in forearm blood flow 

in unfit subjects, but a 5 fold increase in the fit subjects. The peak blood 

flow response was greater in the fit group until 50 s post-occlusion. * 

denotes a significantly difference between fit and unfit subjects (F<0.05, 

** P<0.01).



CE
Cs

 
(c

el
ls

.m
l"' 

bl
oo

d)

60  ■

50  -  

40  ■

30  ■

20  ■

10  -  

0 ■

unfit post-training

Figure 5.6 Effects of short-term training on circulating endothelial 

cells. After 5 weeks training, previously unfit subjects tended to have 

more CECs per ml blood, but this was found to be not quite significant 

(P=0.09).
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Figure 5.7 Effects of short-term training on reactive hyperaemia.

The peak blood flow response to reactive hyperaemia was significantly 

improved after 5 weeks training in a previously unfit group, to values 

that were not different from that seen in the chronically fit subjects. * 

denotes a significant difference between before and after training 

(P<0.05,**P<0.01).
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Figure 5.8 CECs, physical fitness and vasodilator capacity.
A. Correlation studies with pooled data show a significant relationship 

between the numbers of CECs and fitness levels expressed by maximal 

oxygen consumption (r=0.49, P<0.05). No relationship was found 

between CECs and the peak reactive hyperaemic response (r=0.01, 

P>0.1).



5.4 Discussion

Results from this study indicate that chronic train ing enhances reactive 

hyperaemic blood flow responses, suggesting that training im proves vasodilator 

capacity in skeletal muscle m icrovasculature. It has also been shown that CEC 

numbers are significantly raised in fit subjects, and this increase in CECs has a 

positive correlation with fitness levels. After a brief period of training, previously 

untrained subjects respond with sim ilar functional endothelia l responses as 

chronically trained subjects, and also show a trend toward increased CECs. A lack of 

correlation between vasodilator capacity and CECs sheds doubt on the reliability of 

CECs as markers of endothelial function in healthy young subjects.

5.4.1 Endothelium-dependent vasodilation and NO

In addition to the experimental evidence suggesting that tonic release of NO 

contributes substantially to the absolute level o f skeletal muscle blood flow at rest 

(Duffy et al., 1999) and may participate in skeletal muscle hyperaem ia during an 

acute bout of exercise (Gilligan et al., 1994; Shen et al., 2000), there is also evidence 

in both human and animal studies that regular exercise results in chronic elevation of 

basal NO release from the endothelium (Sun et al., 1994; Kingwell et al., 1997; Lewis 

et al., 1999), due to increased NO synthase activity (Sessa et al., 1994; Shen et al., 

1995). This effect has been seen with training periods as short as 4 weeks (Kingwell 

et al., 1997), and associated with this, trained athletes are reported to have greater 

resting skeletal blood flow (Huonker et al., 1996).

Release of temporary arrest of the circulation through a limb is followed by a 

short-lasting augmentation o f flow referred to as reactive hyperaem ia (Shepherd, 

1963). This response was first shown to be endothelium -dependent in 1990, when 

Koller & Kaley dem onstrated that im pairm ent o f endothelial dilator function by 

light/dye treatment dim inished the m agnitude o f the post-occlusive hyperaem ia. 

Involvement of NO has been further confirm ed by dem onstration that both the 

magnitude and the duration of reactive hyperaemia are attenuated by inhibition of NO 

synthesis using L-NMMA (Tagawa et al., 1994; M eredith et al., 1996; Dakak et al., 

1998; Duffy et al., 1999).

In the present study, fit subjects showed significantly greater peak blood flow 

responses during reactive hyperaemia than was seen in sedentary controls of the same
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age and body composition. Furtherm ore, a sim ilar degree o f am plification of the 

response was seen in the previously sedentary group after only 5 weeks of moderate 

intensity training. It is of interest that previous experiments have reported enhanced 

endothelium-dependent vasodilation in large elastic arteries of human subjects post

training (Clarkson et al., 1999; Hambrecht et al., 1998). However, this study is the 

first in my knowledge to demonstrate that this training-induced adaptation occurs in 

the skeletal muscle resistance vessels, where it is functionally im portant in the 

regulation of vasomotor tone.

In view of the existing evidence that exercise-training is associated with an 

increase in NOS activity (Sessa et al., 1994; Shen el al., 1995; Kingwell et al., 1997), 

it is tempting to suggest that the enhanced reactive hyperaemia seen with training was 

due to greater NO release. Nevertheless, the potential effects o f training on other 

vasodilator substances cannot be ruled out. O ther dilator mediators whose actions 

may be increased after training include prostaglandins (Koller et al., 1995) and 

adenosine (Gielen et al., 2001). Indeed, enhancem ent of reactive hyperaem ia 

responses after 4 weeks forearm training have been found to be independent of NO 

release (Green et al., 1994). Also, the contribution o f NO to the peak response of 

reactive hyperaemia, where the enhancement associated with training is only seen in 

the present study, has not always been associated with NO release (Tagawa et al., 

1994; Engelke et al., 1996).

Given that some o f the blood flow response to tissue ischaem ia results from 

myogenic reactions of the underlying smooth muscle, another possibility exists that 

the effects of training are not confined to the endothelium , and that the increase in 

vasodilation is also attributable to an im provem ent in smooth muscle function. 

However, training has not been shown to effect the vasodilator responses to non

endothelium  dependen t v aso d ila to rs  such as sod ium  n itro p ru ssid e  and 

glyceryltrinitrate (M uller et al., 1994; Clarkson et al., 1999; Johnson et al., 2000), 

making this a less likely scenario. Thus it can be assumed that the effects o f exercise 

training on vascular function in healthy, normotensive males are endothelial based.

5.4.2 CECs

When endothelial cells become damaged, they may lose their attachment to the 

basement membrane and float away (Bannerman et al., 1998). Causes of detachment
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include prolonged exposure to pathophysiological stim uli such as cytokines, 

infectious agents, oxidative stress, and w ithdraw al of growth factors or serum 

starvation. Increased numbers of CECs have been associated with a variety of 

vascular disease states including myocardial infarction (Mutin et al., 1999), EH (Zhu 

et al., 1991), sickle cell anaemia (Solovey et al., 1997), systemic lupus erythematosus 

(Clancy, 2000), chronic venous insufficiency (Janssen et al., 1998) and diabetes 

(Podrouzkova et al., 1992). This has led to high numbers of CECs being regarded as 

an index of endothelial damage and a direct diagnostic indicator of vascular injury 

(see Dignat-George, 2000).

CECs were identified in all subjects in the present study. Cells were rounded, 

and the majority of tended be of the later stages of cell death according to the work by 

Bjorkgard & Bondjers (1972), with no visible nucleus and often a weakly stained 

cytoplasm . CEC without visible nuclei are frequently reported in other studies 

(Bouvier, 1970; Hladovec & Rossman, 1973; Solovey, private communication). Cells 

from the present study appeared to have vacuoles, which may result from increased 

permeability to ions and fluid (Yu et al., 1990). CEC counts in young healthy unfit 

males were approxim ately 40 per ml o f whole blood. This value is considerably 

higher than that reported by some other studies in healthy control subjects. A possible 

explanation for this lies in the m ethodology em ployed to isolate or quantify 

circulating cells. CECs have been counted using Coulter counters (Sowemimo-Coker 

et al., 1989; 0.96 ± 0.4 cells per |o,l plasm a), and in Burker-Turk (Sinzinger et al., 

1996; <5 per ^il) or Neubauer (500 cells per ml plasma) cham bers. M ore recent 

studies have used immunocapture of CECs from whole blood using a monoclonal 

antibody raised against endothelial cells (M utin et al., 1999; no CECs in control 

blood; George et al., 1992; 1 cell per ml blood; Solovey et al., 1999; 6 cells per ml 

blood). In the present study, the total number o f cells per slide was counted rather 

than estim ated  by counting  a series o f  fie lds. As w ell, by not using 

immunocytochemical techniques, cell carcasses and fragments that may not react with 

antibodies are included in cell counts in the present study.

In this study, fit subjects were found to have almost twice as many CECs as unfit 

controls. Solovey et al. (1999) measured levels of apoptosis in CECs and found that 

64% of CECs from normal donors showed evidence o f apoptosis, suggesting the 

norm ally low rate of endothelial cell turnover is by program m ed cell death.
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However, in sickle cell patients, where CEC levels were increased, only 30% of cells 

were apoptotic. Thus in disease states at least, an increase in CEC numbers does not 

appear to be brought about by programmed cell death. The possibility o f exercise 

training increasing apoptosis in endothelial cells is also unlikely for several reasons. 

Firstly, shear stress is well known to have an anti-apoptotic effect (Dimm eler et al., 

1996). A lso, up-regulation of NOS activity, as is seen with training, inhibits 

apoptosis in endothelial cells (Dimmeler et al., 1999). Finally, exposure to acidosis, 

as would occur during acute bouts of exercise, also inhibits apoptosis (D ’Arcangelo et 

al., 2000).

A second possible explanation is that with training there is an increased incidence 

o f endothelial necrosis. Endothelial intracellular Ca^^ is increased five-fold in 

response to acute applications of fluid shear stress, and remains elevated for the entire 

stress period (Ando et al., 1988). It is possible that chronic elevation of Ca^^ might 

eventually lead to endothelial cell death, as it does in many other cell types 

(McConkey, 1998). Increased extracellular calcium has also been previously shown 

to cause accelerated cell death in human aorta cells (Yu et al., 1990). Alternatively, 

necrosis could be stimulated by other mechanisms. For exam ple, cell stretching and 

shear stress protocols can result in sub-lethal plasma membrane disruptions (Cheng et 

al., 1996). It has been suggested in skeletal muscle cells that continual membrane 

disruption eventually leads to necrosis by overwhelming repair processes within the 

cell (Petrof et al., 1993), thus repeat acute exercise bouts may have the same effect in 

endothelial cells. A third possibility is that exercise has a ‘sloughing’ effect on the 

endothelium  whereby injured or dying cells are m echanically dislodged during 

exercise.

R ather than having a negative effect on endothelia l function , increased 

endothelial cell turnover may be a mechanism by which training improves endothelial 

function. Increased endothelial cell death could signal stimulation of cell replication 

and ensure a continuous healthy endothelial layer. For exam ple, when endothelial 

cells were treated with lipopolysaccharide by Hansson et al. (1985), a nine-fold 

increase in cell death in specific foci was seen to be matched by an eight-fold increase 

in cell replication in the same areas, without denudation o f the aorta, leaving a 

continuous layer. Sloughing of dam aged or dying cells ensures only healthy 

functioning cells make up this important cell lining.
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While other studies have reported live CECs in their blood samples in both 

diseased and normal states (see Solovey et al., 1997), all of CECs isolated from both 

fit and unfit subjects were found to be dead and anucleate. Nothing is known about 

the half-life of CECs (Dignat- George, 2000); however, if the increased cell numbers 

seen in trained individuals were the result of sloughing in response to exercise shear 

stress, they would have been circulating for at least 12 hours, i.e. since the last 

training session.

An important note should be made that in previous studies, raised levels of CECs 

have been found only in diseased states or in association with cardiovascular risk 

factors. The finding of increased endothelial cell numbers in the present study in 

healthy trained young males shows for the first time that raised numbers of CEC do 

not necessarily indicate endothelial damage, as was previously suggested. CECs may 

be raised in a variety of situations involving activation or stimulation of the 

endothelial lining, thus care should be taken when using CECs only as a marker of 

endothelial dysfunction.

5.4.3 Summary

In conclusion, it had been shown that regular training has a positive effect on 

endothelium-dependent vasodilation, which this may be due to increased production 

of vasodilator substances such as NO post-training. The rapidity with which training 

can improve vasodilator capacity has been demonstrated with a moderate, short-term 

training programme. It has also been shown for the first time that training increases 

the numbers of CECs. Contrary to previous interpretations of raised CECs based on 

studies of cardiovascular disease states, findings from this study do not support the 

notion that elevated CECs indicate endothelial dysfunction. Finally, considering the 

CEC/aerobic fitness correlation, it appears that the more exercise performed, the 

greater the CEC count, suggesting that exercise increases endothelial cell death.
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6 ‘Ejfects o f acute exercise on markers o f endothelial damage 

in f i t  and unfit healthy male subjects’

6.1 Introduction

In Chapter 5 it was shown that there was a positive correlation between 

maximum aerobic fitness and the number of CECs per millilitre of blood. This could 

suggest that the more exercise performed (enhancing fitness), the greater amount of 

endothelial cell death. The present study was designed to assess if a single bout of 

acute exercise is associated with an increase in endothelial cell damage. Endothelial 

cell damage during exercise could stimulate an in increased endothelial turnover with 

training as a protective mechanism, as is the response of many epithelial linings to 

stressful environments.

Increased shear stress seen during an acute bout o f exercise acts on the apical 

surface of endothelial cells at cell-surface structures that act as flow sensors (Barakat, 

2001). The resulting responses include a variety of metabolic and humoral alterations 

within the cell. Structurally, acute shear stress deforms cells in the direction of blood 

flow and causes cytoskeletal remodelling, and chronic shear stress causes structural 

remodelling and flattening of endothelial cells (see Ballerman et al., 1998). Data also 

suggests that endothelial cells are capable o f distinguishing and responding to 

different types of shear stress (see Barakat, 1999).

Probably the most widely researched effect o f shear stress on endothelial cellular 

responses to date has been on NO production. Acute shear stress causes a rapid 

increase in NO production essential for vasoregulatory responses to haemodynamic 

changes. Early work suggested that NO synthesis was increased in response to 

intracellular increases in Ca^*, an essential cofactor o f NOS (see M cAllister, 1995), 

but recently, Ca^'^independent pathw ays increasing NO production have been 

identified, involving activation of NOS by tyrosine kinase pathways (Ungvari et al., 

2001), and phosphorylation of NOS on serine residues by protein kinase B (Fisslthaler 

et al., 2000).

Additional effects of acute shear stress include an increase in intracellular Ca^^ 

(Jen et al., 2000), increased prostacyclin release (Hanada el al., 2000), channel
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opening (Olesen et al., 1988), increased lym phocytic transendothelial migration 

(Cinamon et al., 2001), and upregulation of a variety of endothelial receptors (Cheng 

et al., 1999).

The objective o f the present study was to exam ine whether acute exercise is 

associated with endothelial damage, and to assess any differences between fit and 

unfit subjects in the endothelial response to exercise. To accomplish this, plasma 

markers of endothelial function were measured before and after an exhaustive bout of 

exercise in healthy fit and unfit male subjects. The endothelial markers measured 

were TM, vW F, and CECs. TM is a membrane bound glycoprotein which is cleaved 

in response to endothelial damage and plasma-soluble TMs are cleaved products of 

cellular TM released into circulation. TM release is thought to be independent of 

inflammatory cytokines (Seigneur et al., 1993), and is thus more likely to be reflective 

of endothelial cell damage rather than activation. vWF is an endothelial glycoprotein 

found in storage granules that is released constitutively from the endothelium in 

response to a variety of stimuli including histam ine, throm bin, IL -I, and tumour 

necrosis factor (see Blann & Taberner, 1995). It is considered to be one of the most 

reliable markers o f endothelial cell activation and damage (Blann & Tabemer, 1995; 

Blann & Lip, 2000).
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6.2 Methods

6.2.1 Subjects

H ealthy, young (18-30 yrs), male subjects were recruited on the basis of 

performing, or not performing regular exercise. Athletes (n = ll)  were made up of six 

runners, two squash players, a rower, a cyclist and a speed walker. Unfit subjects 

(n=9) were not involved in aerobic training.

6.2.2 Experimental protocol

Subjects were required to attend the laboratory on one occasion. During their 

medical exam ination, they gave a 15ml sam ple o f blood (1 x 3m l, 2 x 6ml 

vacutainers). This was followed by an incremental exercise test to quantify maximal 

aerobic fitness. Immediately after the fitness test, a second 12ml blood sample (2 x 

6ml) was drawn. Fitness testing took place between November and January.

Blood samples for plasma analysis were drawn first post-exercise to ensure there 

was no contamination from the initial puncture on CEC counts. One 6ml sample pre- 

and post-exercise was used to measure CECs. One 6ml sample pre- and post-exercise 

was spun down at 2500g for ten minutes and aliquoted into 50|o,l samples, which were 

stored immediately at -8 0 “C for later analysis.

6.2.3 Blood studies

CEC were isolated, and slides of CEC solutions were made on the same day as 

blood was collected. For each subject, a mean of three slides pre- and post-exercise 

was used to derive CEC counts. Plasm a sam ples w ere analysed for plasm a 

concentrations of TM , vW F and IL-6 as described in detail in Chapter 2. Briefly, 

detection of plasma TM  was carried out using a com mercially available ELISA kit 

(Diaclone Research, France), where samples and standards were co-incubated with a 

pre-coated anti-TM  antibody and a b io tiny la ted  anti-TM  capture antibody. 

Streptavidin-HRP was added and incubated, and bound antibody conjugate activity 

was expressed by TMB chromogen. Plasma TM concentrations were calculated from 

the standard curve. Plasm a vW F concentration was established by ELISA using 

paired anti-vW F antibodies (Kordia, N etherlands). Plates were coated with the 

capture antibody (goat anti-vW F IgG, 1:100), and the samples and standards then
I
i
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incubated in the coated plate. The capture antibody was added (peroxidase 

conjugated goat anti-vW F, 1:100) and incubated, and bound antibody conjugate 

activity was quantified using OPD chromogen. Plasma vW F concentrations were 

calculated from the standard curve. Sim ilarly, plasm a IL-6 concentration was 

established by ELISA using paired antibodies (Biosource Europe, Belgium). Plates 

were coated first with the capture antibody (1:200), and then the samples, standards 

and capture antibody (1:11) were incubated together. Bound antibody conjugate 

activity was quantified using TMB chrom ogen, and IL-6 concentrations were 

calculated from the standard curve.

6.2.4 Statistical analysis

Group results were expressed as mean ± S.E.M. and were analysed with unpaired 

(for fit versus unfit results) and paired (for before versus after training results) two- 

tailed non-parametric (W ilcoxon or M ann-W hitney) tests, making no assumption 

about the scatter o f the data. Linear regression was used to determ ine any 

relationships between variables. A P value of <0.05 was considered significant.
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63 Results

6.3.1 Subject characteristics

Subject characteristics are presented in Table 6.1. There were no differences 

between fit and unfit individuals in height, body mass or body mass index. Fit 

subjects had higher maximum aerobic fitness levels (V 0 2 peak)> ^nd lower heart rates.

6.3.2 Effects o f acute exercise on plasma TM concentration

There was no difference in the concentration o f plasma TM (11 ± 0.9 c f  11 ± 0 .4  

n g.m l') at rest between fit and unfit individuals.

Acute exercise caused an elevation of plasma TM levels in both the fit (11 ± 0 .9  

to 13 ± 0.8 ng.ml ', P<0.001) and unfit subjects (11 ± 0.4 to 12 ± 0.5 ng.ml ’, / ’<0.05), 

see Figure 6.1 A. However, the absolute magnitude o f this response was significantly 

greater in the fit group (2.1 ± 0.4 c f  0.3 ± 0.02 A ng.ml ', P<0.05, Figure 6 .IB ). For 

both fit and unfit subjects, the increase in TM post-exercise was independent o f  

exercise time to exhaustion (Figure 6 .5B ), but had a positive correlation with 

maximum aerobic capacity (r=0.47, P<0.05, Figure 6.5A).

6.3.3 Effects o f acute exercise on plasma vWF concentration

There was no difference in the concentration o f  plasma vW F (45 ± 7 c f  55 ± 16 

units) at rest between fit and unfit individuals.

A significant increase in plasma vWF post-exercise was seen in the fit group (45 

± 7 to 114 ± 14 units, P<0.01). In contrast, no significant increase in plasma vWF 

was seen post-exercise in the unfit group (55 ± 16 to 74 ± 26 units. Figure 6 .2). As 

with the exercise-induced increase in TM , A vW F post-exercise for the whole group 

was independent o f time to exhaustion in the fitness test (Figure 6 .6B ), and had a 

positive correlation with maximum aerobic capacity (r=0.46, P<0.05, Figure 6.6A ).

6.3.4 Effects o f acute exercise on CECs

CECs were not significantly increased in either the fit or unfit population after an 

acute bout o f exercise (19 ± 18 c f 7 ± 42 A cells.m l '. Figure 6.3).
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However, unlike resting samples of CECs, there were cells found post-exercise 

that showed a nucleus. This would suggest these cells were more recently shed than 

those found pre-exercise.

6.3.5 Effects of acute exercise on plasma IL-6 concentration

There was no resting difference in IL-6 concentrations between fit and unfit 

individuals, and acute exercise did not cause an increase in IL-6 in either group (fit,

7.5 ± 2.5 to 9.1 ± 1.3 ng.ml ‘, unfit, 14.11 ± 6.9 to 15.1 ± 8.4 ng.ml '). There was also 

no correlation between the IL-6 response to exercise and the increase in either vWF or 

TM.
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Fit (n = ll) Unfit (n=9)

Height (cm) 181 ±3.1 179 ±2.1

Body Mass (Kg) 71 ±2.2 76 ±4.6

BMI (Kg.m-^) 22 ± 0.5 24 ± 1.5

V02pe,k((ml .min').Kg') 71 ±2.8 53 ±3.1 **

Time to exhaustion (min) 25 ± 1 20 ± 1 **

Heart rate (beat.min') 68 ± 1.5 76 ± 1.6 **

Systolic pressure (mmHg) 130 ±3.0 128 ±5.8

Diastolic pressure (mmHg) 79 ± 1.9 77 ± 2.3

Mean Arterial Pressure (mmHg) 95 ± 1.4 96 ±3.1

Table 6.1 Physical and resting cardiovascular characteristics of subjects. There 

was no difference in the physical characteristics of subjects, but those recruited as 

potentially fit had higher V0 2 peak values, and lower heart rates. ** denotes a 

significant difference between fit and unfit subjects (P<0.01).
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Figure 6.1 Effects of acute exercise on plasma TM in fit and unfit 

subjects. A. Plasma TM was significantly increased by exercise in 

both fit and unfit subjects. * denotes a significant increase from rest. 

B. The increase in TM post-exercise was greater in the fit group. * 

denotes a significant difference between fit and unfit subjects, P<0.05.
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Figure 6 3  Effects of acute exercise on CEC numbers in fit and 

unfit subjects. Neither fit nor unfit subjects showed an elevation of 

CEC after an acute bout of exercise.
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6.4 Discussion

It was found in Chapter 5 that there was a fitness-dependent increase in CECs. 

To assess whether this may involve endothelial dam age occurring during acute 

exercise, markers of endothelial damage were measured before and after a single bout 

of exhaustive exercise. Plasma TM concentrations were raised in all subjects after an 

acute bout of exercise. H igh-fit subjects also had an increase in plasm a vWF 

concentration post-exercise that was not seen in the unfit group and, furthermore, high 

levels of fitness were associated with greater increases in both plasm a markers of 

endothelial damage post-exercise. CECs were not raised after a single bout of 

exercise.

6.4.1 Effects of acute exercise on TM

TM is an endothelial membrane glycoprotein that is an im portant regulator of 

activated thrombin. Previous studies have shown that release o f TM from the 

endothelial cell membrane into circulation occurs during the course of injury (see 

Seigneur et al., 1993), and plasma TM levels are raised in a numbers of pathologies 

associated with endothelial dysfunction such as atherosclerosis, diabetes mellitus, 

thrombotic diseases and disseminated intravascular coagulation (see Takahashi et al., 

1992). Unlike vWF, plasma levels of TM appear to be independent o f inflammatory 

cytokines (Hirokawa & Aoki, 1990), and thus raised levels of TM are suggested to be 

the product of damaged rather than activated cells (see Seigneur et al., 1993) and are 

thus regularly assayed as a marker of endothelial cell damage.

Plasma TM was measured in this study to differentiate between the possible 

effects of cytokine stim ulation of the endothelial layer and subsequent release of 

vWF, and structural damage to endothelial cells. As TM  was increased in all subjects 

post-exercise, this indicates that acute exercise causes general disturbance of the 

endothelial membrane, which leads to cleaving of the membrane bound protein. The 

magnitude of this response was significantly greater in the fit subjects and had a 

positive correlation with maximum aerobic capacity. This suggests that exercise in fit 

subjects might cause greater degree of damage to endothelial cells. A lternatively, 

there may be an upregulation o f protein synthesis in h igh-fit subjects as a 

consequence of training. The only other work I am aware o f measuring TM post

exercise revealed a som ew hat sim ilar response. W eiss et al. (1998) noted a
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significant increase in TM after an hour of running in triathletes, but interestingly, no 

changes were seen after cycling or swimming in TM concentration. Weiss et al. 

(1998) suggested that is mechanical forces during running that stimulated endothelial 

cells to release TM. However, since this study also found an increase in TM after 

cycling, I suggest that the effects of exercise are related to a general increase in shear 

stress.

6.4.2 Effects of acute exercise on vWF

While vWF is also found in platelets, there is good evidence that the major source 

of plasma vWF is from the endothelial layer (see Blann & Tabem er, 1995), and vWF 

is currently considered to be one of the most reliable markers of endothelial cell 

activation and damage (Blann & Taberner, 1995; Blann & Lip, 2000). A number of 

clinical and experimental studies have reported that high vW F reflects endothelial 

dysfunction, and vWF is raised in a variety o f conditions that are associated with 

vascular damage such as hypertension (Goonasekera et al., 2000), hyperlipidaemia 

(Blann et al., 1997), and atherosclerosis (Verhaar et al., 1998).

The results of this study showed that acute exercise was associated with an 

increase in vWF in fit subjects only, and this increase had a positive correlation with 

aerobic fitness. This result supports the theory that acute exercise causes endothelial 

perturbation, but highlights a difference in the response o f ‘trained’ endothelium to 

exercise. Previous studies have found similar results; van den Burg et al. (2000) 

noted that an increase in vW F after maximal exercise was more pronounced after a 

12-week training programme, and Rock et al. (1997) observed a 300% increase in 

vWF after a marathon race in endurance-trained athletes. However, several studies 

have not shown an increase in plasma vWF post-exercise in patients suffering from 

peripheral arterial occlusive (W oodbum et al., 1997, Nawaz et al., 2001).

There are several possibilities that could explain the greater tendency for fit 

subjects to release vW F after acute maximal exercise. Firstly, vW F is secreted in 

response to an increase in intracellular calcium (Carew et al., 1992). As endothelial 

cell calcium signalling is enhanced post-training (Tzu-Fang et al., 2000), this could 

mediate a greater release o f vW F in fit subjects after an acute bout of exercise. 

Adrenaline also increases vW F release in a dose-dependent manner that is mediated 

by P-adrenergic receptors (V ischer & W ollheim , 1997). An up-regulation of (3-
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adrenergic endothelial receptors with training would thus lead to greater vWF release. 

Futhermore, the p-adrenergic increase in vWF is mediated by NO (Jilma et al., 1997), 

and NO production is known to be increased after an acute bout of exercise and in 

trained subjects (Sessa et al., 1994; Shen et al., 1995).

A lternatively, the increase in vW F may represent a change in cellu lar 

concentration of vWF post-training. For example, after chemical perturbation of the 

endothelium and the subsequent secretion o f vW F, the number and size of storage 

granules of vWF has been shown to increase (Reinders et al., 1988). Thus, previous 

exercise may have increased intracellular vW F leading to greater vW F secretion in 

subsequent exercise bouts. This theory is supported by the positive correlation 

between the release of vWF and aerobic fitness, suggesting that subjects who perform 

more exercise have greater intracellular stores of vWF.

Another possibility is related to the cytokine-mediated release of vW F. Acute 

exercise is considered to be a mild inflammatory response (see Shek & Shepard, 

1998; Pederson, 2000) that includes elevation o f proinflammatory cytokines tumour 

necrosis factor-a, IL - ip , IL-6 and IL-10. The stim ulus for this release of these 

cytokines is thought to arise from cellular dam age during exercise, and the 

inflammatory response is thought to facilitate repair processes for tissue damage. It 

has also been shown that vWF is released in response to a variety o f cytokines such as 

IL-1 (Pober & Cotran, 1990), IL-6 (Burstein et al., 1996) and IL-11 (Denis et al., 

2001).

It have not been investigated whether training is associated with an adaptation of 

cytokine responses to exercise, and it is possible that training may induce an 

upregulation of cytokine responses, which could account for the increase in vWF in 

trained subjects. A candidate cytokine that may be of importance is IL-6. IL-6 is 

consistently reported to be increased by exercise, and by large amounts (up to 128 

fold after a marathon race, Ostrowski et al., 1999). 11-6 is also known to stimulate 

vWF release (Burstein et al., 1996). In order to establish whether the increase in vWF 

seen in the present study was as a consequence of increased IL-6 during exercise, 

plasma concentration of IL-6 were measured in subjects before and after exhaustive 

exercise. However, no change in IL-6 was seen in response to acute exercise in either 

fit or unfit subjects, and no correlation was found between the change in IL-6 and 

vWF post-exercise. This suggests that vWF is not raised by an increased cytokine
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response to exercise, at least not in response to IL-6. Previous studies that have 

documented an increase in IL-6 have involved much longer bouts of exercise (>3 hrs, 

Drenth et al., 1995; Ostrowski et al., 1998; Moldoveanu et al., 2000), thus an increase 

in IL-6 in response to exercise would appear to require more strenuous exercise. 

Indeed shorted bouts of exercise have not been reported to elevate IL-6 (Drenth et al., 

1998; Brenner et al., 1999), and a correlation has been found between plasma IL-6 

and exercise duration (Ostrowski et al., 2000).

6.4.3 Effects of acute exercise on CECs

CECs were measured pre- and post-exercise to assess w hether acute exercise 

causes a sloughing of endothelial cells. CECs were not found to be raised after a 

single bout of exercise, but there was evidence that some cells may have been recently 

shed from the endothelium by the finding that some cells showed signs of a nucleus in 

the post-exercise samples, while resting samples had never before contained nuclei. It 

is possible that these results imply that the effects of training on endothelial turnovers 

rates result from further changes in endothelial cells post-exercise relating to cell 

damage. Therefore, a longer period of time should have been waited after exercise 

before the blood sample of CECs was taken.

The finding of no change in CECs immediately post-exercise gives additional 

evidence that CECs are not a reflection of CEC damage in healthy subjects, as no 

increase in CECs were observed when plasma concentrations o f vW F and TM were 

raised.

6.4.4 Increased cell damage post-exercise

The results from this Chapter provide evidence that acute exercise causes 

endothelial dam age, which may lead to endothelial cell death. In C hapter 5, 

mechanisms that may cause endothelial cell death post-exercise such as increased 

intracellular calcium or mechanical dislodgement were discussed. Another possibility 

is that sympathetic activation is involved in endothelial cell damage. A study in 1990 

by Pettersson et al. looked at the effects of sympathetic activation on endothelial 

injury in the context of atherosclerosis. Briefly, sympathetic activation (increased 

blood pressure, heart rate and plasma catecholam ines) was induced by chloralose 

anaesthesia and the frequency of endothelial cell death was measured. It was found
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that chloralose anaesthesia caused a fivefold increase in endothelial cell death in the 

aorta, and that this could be inhibited entirely by pre-treatment with a (3-adrenergic 

receptor inhibitor (metoprolol). Furtherm ore, higher rates of endothelial cell death 

were observed in the high-shear regions of the aorta. Similarly, Skantze et al. (1998) 

found that monkeys exposed to social stress had a significantly greater occurrence of 

endothelial cell death in the aorta, and that this could be inhibited by P-receptor 

blockade. This evidence dem onstrates that (3-adrenergic stim ulation is capable of 

producing cell death, and this may be one mechanism that causes endothelial damage 

during exercise.

Thus, are there many possible mechanisms that may be at work separately or in 

synergy to cause exercise-induced endothelial damage. This does not need to imply 

that chronic exercise causes denudation o f the endothelial lining or im paired 

endothelial function. Elevated plasm a levels of growth factors such as vascular 

endothelial growth factor and basic fibroblast growth factor associated with regular 

training could aid in the growth and renewal of the endothelial layer. Also, in a study 

by Hansson et al. (1994) where arterial injury was induced, the neointima formed in 

response to endothelial cell death had a non-throm botic surface and preserved 

vascular potency. This was found to be mediated in part by increased expression of 

cytokine inducible NOS and NO production by intimal smooth muscle cells. Also, 

since vasodilator function was intact, even enhanced in trained subjects of a similar 

fitness level in Chapter 5, it does not appear that an increase in endothelial turnover 

impairs endothelial function.

6.4.5 Conclusions

This study has shown for the first time that acute maximal exercise is associated 

with an increase in markers of endothelial dam age, and that this is more pronounced 

in high- fit individuals. For vW F, this does not appear to be mediated by an increase 

in IL-6 during exercise. There was no difference in the resting levels of plasma vWF 

and TM between fit and unfit subjects, indicating that although acute exercise causes 

a greater endothelial response in fit individuals, there is no sign o f endothelial 

perturbation at rest. Increased endothelial turnover is likely to enhance endothelial 

integrity and be one of the training-induced adaptations that contribute to enhanced 

endothelial function.
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7 'Ejfects o f  ageing on sympathetic activation in f i t  and unfit

healthy males  ’

7.1 Introduction

Ageing is associated with a general increase in resting blood pressure (Burt et al., 

1995; Sundlof & Wallin, 1978). Accompanying this is an increase in resting 

sympathetic drive, first noted by an elevation of plasma noradrenaline (Zeigler et al., 

1976; Barnes et al., 1982; Shimada et al, 1985), and increased noradrenaline spillover 

(Hoeldtke et al., 1985). More recent work has also identified an increase in muscle 

sympathetic nerve activity (Ng et al., 1993; Ng et al. 1994a). Ageing is also known to 

alter baroreflex control of blood pressure. Decreased baroreflex vagal control has 

previously been reported (Matsukawa at el., 1996), and both a reduction (Hajduczok 

et al., 1991a,b; Barnett et al., 1999) and no change in the baroreflex control of 

sympathetic nerve activity (Matsukawa et al., 1996; Davy et al., 1998) have been 

observed in older subjects.

Along with increased resting sympathetic drive, there is evidence to suggest that 

sympathetic hyperreactivity may also be a property of ageing. This is of clinical 

importance considering the correlation between increased stress responsiveness and 

the development of hypertension (Drummond, 1983; Matsukawa et al., 1991). 

Exaggerated plasma noradrenaline levels (Palmer et al., 1978; Barnes et al., 1982), 

cardiac noradrenaline spillover (Esler et al., 1995), and blood pressure responses 

(Boutcher & Stocker, 1996; Smolander et al., 1998; Boutcher & Stocker, 1999) to 

mental stress and isometric exercise have been reported in older subjects. However, 

Ng et al. (1994a) found no difference between young and older subjects in muscle 

sympathetic nerve activation to physical or mental stress. Similarly, Taylor et al. 

(1991) reported no differences in the blood pressure or catecholamine response to a 

sustained handgrip between young and older men.

Regular exercise training in a younger population reduces resting sympathetic 

activity (Scheuer & Tipton, 1977; Barnard, 1975; Grassi et al., 1994; Huonker et al., 

1996), and this is one mechanism by which training is thought to reduce resting blood 

pressure. Furthermore, the results from Chapter 3 indicated that both short- and long-
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term training cause non-specific blunting of cardiovascular responses to physical and 

mental stressors. W hether exercise training in an older population attenuates the age- 

related increase in sym pathetic activity and reactivity has yet to be identified. 

Previous work has in fact suggested that exercise training in older subjects may lead 

to an even greater increase in resting plasma noradrenaline (Poehlman et al., 1990) 

and muscle sympathetic nerve activity (Ng et al., 1994b) than seen with ageing alone.

The aims of this study were thus to;

re-exam ine the effects o f ageing on the cardiovascular response to 

sympathetic activation

assess w hether training in a m iddle-aged population reverses the age- 

related increase in resting sympathetic drive, and

investigate whether the non-specific blunting of sympathetic activation 

seen in a younger population after training is apparent in a trained middle- 

aged population.
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7.2 Materials and methods

7.2.1 Subjects

Twenty-five middle-aged male subjects (40-60 yrs) were recruited on the basis of 

performing, or not performing, regular physical training. 8 of the 9 trained subjects 

were distance runners (approximately 25 miles/week), and one was a cyclist (200 

miles/week). Untrained subjects engaged in some mild activity (golf, recreational 

walking), but were not involved in any aerobic training regime. Four subjects were 

excluded due to high resting blood pressure (>150/90mmHg). Three unfit smokers 

subjects were also excluded.

7.2.2 Experimental protocol

Subjects were required to attend the laboratory on two occasions. They were 

instructed to abstain from caffeine, alcohol, nicotine and exercise in the twelve hours 

before an experimental session in an effort to reduce any effects of stimuli on the 

cardiovascular system. All testing took place between 0900-1300 hrs at an ambient 

temperature of 20°C. Session one comprised a medical exam ination followed by a 

maximal oxygen consum ption incremental exercise test to quantify fitness levels. 

Subjects were familiarised with the experimental procedure for the stress tests during 

this session. They then reported on a second day, where the heart rate, blood 

pressure, stroke volume and forearm blood flow responses to sustained handgrip, 

mental arousal and cold exposure were measured. Testing took place between April 

and August.

7.2.3 Maximal aerobic fitness testing

Each subject performed a standard incremental fitness test on a cycle ergometer. 

Subjects older than 45 years were subject to 12-lead electrocardiography prior to 

fitness testing and to continuous electrocardiographic and visual monitoring during 

the test by a medical doctor. They were excluded and the test discontinued if, before 

or during fitness testing, ECG indicated; significant (>2mV) ST segment depression, 

ST segm ent elevation, T-w ave inversion. A bnorm al Q -w aves, arrhythm ia or 

dysrhythmia, runs (>2) of consecutive premature ventricular contractions, and heart 

rate exceeding calculated maximum (220 - age beat.min ') for five minutes. For all
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subjects of this age group, discontinuation o f the test was indicated if the subject; 

complained of chest, left arm or jaw  pain, excessive shortness o f breath, dizziness or 

lig h t-headedness, exhaustion  or nausea; developed  cyan o sis ; requested  

discontinuation or otherwise became unable to continue.

7.2.4 Sympathetic activation testing

Subjects performed a sustained handgrip, a 2 min mental arithmetic test, and a 1 

min cold pressor test. During each test, heart rate was measured using a three lead 

frontal ECG, blood pressure was measured continuously by tonometry, stroke volume 

was measured by impedance cardiography and forearm blood flow was measured by 

venous occlusion plethysmography (see Appendix VIII). From these param eters, 

mean arterial pressure, stroke volume index, cardiac index, rate-pressure product, total 

peripheral resistance and forearm vascular conductance were calculated.

7.2.5 Statistical analysis

Young unfit versus middle-aged unfit responses, and middle-aged unfit versus 

middle-aged fit responses, were analysed using unpaired Student’s t test. Analysing 

within group changes in parameters in response to stress tests was accomplished using 

paired Student’s t test. P was considered significant at <0.05.
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73  Results

7.3.1 Subjects characteristics and resting cardiovascular status

Results from middle-aged unfit subjects were compared with pooled data from 

unfit, non-smoking young subjects recruited for the studies described in Chapters 3 

and 4. Physical and resting cardiovascular characteristics of subjects are shown in 

Table 7.1.

Middle-aged unfit subjects had greater body mass and body surface area than the 

young unfit subjects and lower physical fitness. Systolic, diastolic and mean arterial 

pressures were all raised in the middle-aged unfit group. W ithin unfit subjects, a 

negative correlation was found between diastolic blood pressure and fitness levels 

(r=-0.5, P<0.05, Figure 7.16A). Stroke volume, stroke volume index, cardiac output 

and cardiac index were all reduced, and total peripheral resistance was elevated. 

There was no difference between groups in forearm vascular resistance.

Middle-aged fit subjects had lower body masses and body surface areas than unfit 

controls (see Table 7.1), and there was no difference between young unfit subjects 

and middle-aged fit subjects. Fit subjects had greater V02peak values, and lower resting 

heart rates than middle-aged unfit subjects. Heart rate and rate-pressure product were 

also lower com pared with young unfit subjects. Resting blood pressure was not 

different in the fit com pared with unfit m iddle-aged subjects, but was also not 

different to that seen in young unfit subjects. W ithin the middle-aged population, a 

negative correlation was also found between diastolic blood pressure and fitness 

levels (r=-0.5, P<0.05, Figure 7.16B). Stroke volume, stroke volume index, cardiac 

output, and cardiac index were raised in the fit older group; with no difference 

between young unfit and m iddle-aged fit subjects. S im ilarly, total peripheral 

resistance was reduced in fit subjects, and was not different to that seen in young 

subjects.

7.3.2 Effects of ageing on stressor responses

The effects of ageing on the cardiovascular responses to stressors are summarised 

in Table 7.2.
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73.2.1 Sustained handgrip

The blood pressure response to a sustained handgrip to fatigue was similar 

between young and m iddle-aged unfit subjects (Figure 7.1 A). H owever, due to 

middle-aged subjects starting from a higher resting value, the magnitude of response 

was reduced in the older population (43 ± 4.8 cf 29 ± 3.3 A mmHg, P<0.05, Figure 

7 .IB).

The heart rate response of older subjects was reduced at all fatigue percentages 

compared with young subjects (100% fatigue, 87 ± 2.0 cf 101 ± 4.3 beat.m in ‘, 

F<0.05, Figure 7.2A). Sim ilarly, the m agnitude o f heart rate response at 100% 

fatigue was reduced (16 ± 1.4 cf 27 ± 3.8 A beat.min ‘, P<0.05, Figure 7.2B). Rate- 

pressure product at 100% fatigue was higher in young subjects (146 ± 4.2 cf 179 ± 

10.6 units, P<0.05), and the m agnitude o f response was also greater in young 

compared with middle-aged unfit subjects (53 ± 4.0 cf 86 ± 9.1 A units, P<0.01).

Stroke volume index was lower at rest in m iddle-aged unfit subjects, and 

remained reduced during the sustained handgrip test (100% fatigue, 20 ± 1.7 cf 27 ±

2.1 ml.m^, P<0.05, Figure 7.3A). Stroke volume index was reduced by isometric 

exercise in younger subjects (36 ± 1.9 to 27 ± 2.1 ml.m^, P<0.05), but there was no 

change in middle-aged unfit subjects due to reduced tachycardia. Cardiac index was 

also reduced in the older population compared with young subjects (100% fatigue, 1.7 

± 0.2 cf 2.4 ± 0.2 (L.min ').m^, P < 0 .05 , Figure 7.3B). Resting total peripheral 

resistance was higher in middle-aged unfit subjects, and tended to be greater at fatigue 

(39 ± 4.2 cf 29 ± 2.5 (L.min ‘).mmHg ‘, F=0.09, Figure 7.4A). However, only young 

subjects showed a significant increase in total peripheral resistance from resting 

values (19 ± 1.5 to 29 ± 2.5 (L.min ').mmHg ', P<0.01, Figure 7.4B).

In responses to the sustained handgrip, both young and m iddle-aged subjects 

showed an increase in forearm blood flow (young, 2.91 ± 0.3 to 5.94 ± 1.0 (ml.min' 

') .100ml ',  P<0.01; middle-aged, 2.76 ± 0.5 to 3.9 ± 0.8 (ml.min ').100ml ', P<0.05, 

see Figure 7.5A). However, only young subjects also showed an increase in forearm 

vascular conductance (0.03 ± 0.003 to 0.045 ± 0.008 ((m l.m in ').100m r').m m H g ' 

f ’<0.05. Figure 7.5B).
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73 .2 .2  Mental arithmetic

There was no effect of ageing on the mean arterial pressure response to mental 

arithmetic (Figure 7.6A), or in the magnitude of the pressor response after 2 min 

mental stress (20 ± 2.2 cf 16 ± 4.0 A mmHg, Figure 7.6B).

The initial heart rate response after 30s mental arithm etic was of greater 

magnitude in young subjects (8 ± 1.9 cf 17 ± 3.2 A beat.min ’, P<0.05, Figure 7.7B), 

but after 2 min, there was no difference in heart rate increase between subjects (see 

Figure 7.7). The increase in rate-pressure product after 30 s (29 ± 6.6 cf 41 ± 6.2 A 

units, P<0.05) and after 2 minutes (30 ± 5.1 cf 36 ± 5.7 A units, P=0.05) mental 

arithmetic was also greater in young subjects.

Stroke volume index was reduced at all times in the older population during 

mental arithmetic (2 min, 25 ± 3.1 cf 33 ± 1.7 ml.m^, P<0.05, Figure 7.8A). Cardiac 

index was also reduced (2 min, 1.9 ± 0.2 cf 2.4 ± 0.1 (L.min ').m^, F=0.05, Figure 

7.8B). Total peripheral resistance was raised at rest, and also after 2 min arithmetic, 

in the middle-aged unfit subjects (32 ± 2.7 cf 24 ± 1.9 (L.min ').m m H g ', P<0.05, 

Figure 7.9).

Mental stress was accompanied by an increase in forearm skeletal muscle blood 

flow in young subjects (3.1 ± 0.4 to 4.4 ± 0.5 (ml.min ’).100m r‘, P<0.05). However, 

this response was found to be absent in a middle-aged population (Figure 7.10A).

7.3.2.3 Cold pressor test

There was no difference between young and m iddle-aged unfit subjects in the 

mean arterial blood pressure achieved during cold exposure however, due to increased 

resting values in middle-aged unfit subjects, the m agnitude of this response was 

reduced in older subjects (6.7 ± 1.9 cf 22 ± 3.9 A mmHg, F<0.01, Figure 7.7A).

The cold pressor test caused a significant increase in heart rate only after the 

initial cold exposure. This response was attenuated in the m iddle-aged unfit 

compared with young unfit subjects in both the absolute heart rate achieved (71 ± 2 .5  

cf 86 ± 3.7 beat.min ',  P < 0 .01 , Figure 7.12A), and the m agnitude o f heart rate 

response (1 ± 2.6 cf 14 ± 3.8 A beat.min '. Figure 7.12B). The increase in rate- 

pressure product was reduced in m iddle-aged unfit com pared with young unfit 

subjects (1.2 ± 2.6 cf 13.7 A units, P<0.05).
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Stroke volume index was lower at rest in m iddle-aged unfit subjects, and 

remained reduced at all times during cold exposure compared with young subjects (60 

s, 20 ± 2.1 cf 34 + 2.1 m l.m ^ P<0.001, Figure 7.13A). Cardiac index was also 

reduced (2 min, 1.4 ± 0.2 cf 2.4 ± 0.1 (L.min ').m^, P<0.001, Figure 7.13B). Total 

peripheral resistance was higher in middle-aged subjects during cold exposure (1 min; 

41 ± 5.0 cf 24 ± 2.8 (L.min ') .m m H g  ', P<0.05, Figure 7.14), but was not quite 

significantly increased from resting values (30 ± 4.5 to 41 ± 5 .0  (L.min ').mmHg ‘, 

P=0.08, Figure 7 .14B).

Only the young population responded to cold exposure with a reduction in 

forearm blood flow (3.0 ± 0.3 to 1.9 ± 0.4 (ml.min ').1 0 0 m r‘, P<0.05, Figure 7.15A) 

and forearm vascular conductance (0.033 ± 0.004 to 0.016 ± 0.003 ((ml.min ').100ml' 

').mmHg ', P<0.05, Figure 7.15B).

7.3.3 Effects of training on stressor responses in a middle-aged population

The effects of training in a m iddle-aged population on the cardiovascular 

responses to stressors are summarised in Table 7.2.

7.33.1 Sustained handgrip

Training in the middle-aged population did not affect the blood pressure response 

to handgrip (Figure 7.1A,B). The difference in the magnitude of response between 

middle-aged fit and young unfit subjects was not quite significant (29 ± 5.8 cf 43 ± 

4.8 A mmHg, P=0.09, Figure 7 .IB).

While fit subjects began from lower resting heart rates, there was no difference 

between subjects at fatigue point (Figure 7.2A). Although the magnitude of heart rate 

increase to handgrip was similar between fit and unfit m iddle-aged subjects, no 

difference was seen in heart rate increase between middle-aged fit and young unfit 

subjects (24 ± 6.2 cf 27 ± 3.8 A beat.min '. Figure 7.2B). The rate-pressure product at 

100% fatigue was higher in young compared with middle-aged fit subjects (179 ± 

10.6 cf 143 ± 12.4 units, P<0.05).

Both stroke volume (100% fatigue, 32 ± 3.4 cf 20 ± 1.7 ml.m^, P<0.01, Figure 

7.3A) and cardiac index (100% fatigue, 2.5 ± 0.4 cf 1.7 ± 0.2 (L.min■').m^ f*<0.05, 

Figure 7.3B) were greater in fit subjects during the handgrip test, and there was no 

difference between young and m iddle-aged fit groups (Figure 7.3A,B). Total
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peripheral resistance was reduced in the fit compared with middle-aged unfit subjects 

(100% fatigue, 27 ± 2.1 cf 39 ± 4.2 (L.min ').m m H g ',  P<0.01, Figure 7.4B), and 

there was no difference between young and older fit populations.

Forearm blood flow or conductance values were not different between fit and 

unfit middle-aged subjects. However, the increase in forearm blood flow during the 

sustained handgrip in middle-aged fit subjects was found to be not quite significant 

(2.91 ± 0 .5  to 5.05 ± 1.0 (ml.min ').100ml ', P = 0 .064).

7.33.2 Mental arithmetic

Training did not alter the blood pressure response to m ental stress (Figure 

7.6A,B). However, the magnitude of pressor response was blunted in the fit group 

compared with young subjects (10 ± 2.4 cf 20 ± 2.2 A mmHg, P<0.01, Figure 7.6B).

There was no difference in the m agnitude of the initial heart rate response 

between middle-aged fit and young unfit subjects (13 ± 3.2 cf 17 ± 3.2 A mmHg, 

Figure 7.7B). Unlike the young or age-m atched unfit populations, heart rate had 

returned to resting values by the end of the mental stress test in fit subjects.

Stroke volume was greater in middle-aged fit than unfit subjects at all times 

during mental stress (2 min, 36 ± 3.7 cf 25 ± 3.1 ml.m^, f*<0.05. Figure 7.8A). 

Cardiac index was higher in m iddle-aged fit subjects at the beginning of mental 

arithmetic, and was not quite significantly different after 2 min (2.5 ± 0.2 cf 1.9 ± 0.2 

(L.min ').m^, f*=0.08. Figure 7.8B). There was no difference at any point in either the 

stroke volume or cardiac index response between young and middle-aged fit subjects 

(Figure 7.8A,B). Total peripheral resistance was also reduced in the fit middle-aged 

unfit subjects (2 min, 24 ± 1.9 cf 32 ± 2.7 (L.min ').m m H g ’, P<0.05, Figure 7.9), 

without a difference between young unfit and older fit groups.

The absence of a forearm vasodilator response to mental stress in middle-age 

subjects was unchanged by training, and no differences were seen in forearm  

responses to mental stress between fit and unfit m iddle-aged subjects (Figure 

7.10A,B). Fit subjects showed a small but significant decrease in forearm  

conductance at the onset o f mental stress (30s, 0.039 ± 0.007 to 0.035 ± 0.007 

(ml.min ').mmHg ', P<0.05).
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7.3.3.3 Cold pressor test

The mean arterial response of middle-aged fit subjects was reduced compared 

with age-matched unfit controls (60 s, 96 ± 3.1 cf 107 ± 3.1 mmHg, P<0.05, Figure 

7.10A). This was primarily due to decreased systolic blood pressure at all time points 

during the cold pressor test (60 s, 129 ± 4.7 cf 149 ± 5.1 mm Hg, f ’<0.05). The 

magnitude of the response of middle-aged fit subjects was reduced compared with 

young unfit subjects (1.0 ± 2.7 cf 22 ± 3.9 A mmHg, P < 0 .001, Figure 7.11B), but was 

not quite significantly different to unfit middle-aged subjects (1.0 ± 2.7 cf 7.0 ±1.9 A 

mmHg, P=0.09). Middle-aged fit subjects did not show an increase in blood pressure 

(Figure 7.11B).

The heart rate response of middle-aged fit subjects was significantly lower than 

in unfit subjects, without a difference in the magnitude o f response to cold exposure 

(Figure 7.12A,B). Middle-aged fit subjects did not show an increase in heart rate on 

initial cold exposure.

Stroke volume was greater in middle-aged fit subjects than unfit subjects at all 

time during cold exposure (60 s, 34 ± 4.0 cf 19 ± 2.0 ml.m^, f< 0 .0 1 , Figure 7.13A). 

Cardiac index was also higher in middle-aged fit subjects at the end stage o f the cold 

pressor test (2.0 ± 0.2 cf 1.4 ± 0.2 (L.min■').m^ P<0.05, Figure 7.13B). There was no 

difference at any point in either the stroke volume or cardiac index response between 

young unfit subjects and middle-aged fit subjects (Figure 7.13A,B). Total peripheral 

resistance was reduced in the m iddle-aged fit com pared with m iddle-aged unfit 

subjects (2 min, 26 ± 2.0 cf 41 ± 5.0 (L.min ').m mHg'‘, f*<0.01, Figure 7.14B).

Fit middle-aged subjects did not show a decrease in forearm  blood flow or 

conductance in response to cold exposure (Figure 7.15A ,B ), and there was no 

difference in forearm responses between fit and unfit middle-aged subjects.
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Young Middle-aged unfit Middle-aged fit

Age (yrs) 23 ±0.8 53 ± 2.0 49 ±2.1

Height (cm) 176 ± 1.8 182±3.1 111 ± 2 3

Body mass (Kg) 75 ±3.3 86 ±3.3 1A±?>2

Body Mass Index (KgW ) 24 ± 0.8 26 ± 1.3 24 ±0.5

Body Surface Area 1.91±0.05 2.07 ± 0.04 1.91 ±0.05

(ml.min.kg ‘) 54 ± 2 35 ±2.3 58 ±3.3

Heart rate (beat.min ') 77 ±2.1 85 ± 2.9 79 ± 1.7^

Mean arterial pressure (mmHg) 93 ± 1.5 100 ±2.3 96 ± 1.8 ^

Rate-pressure product 93 ±3.5 94 ±2.6 80±5.2"'

Stroke volume (ml) 68 ± 3.6 42 ± 4.0 73 ±8.6^*

Stroke volume index 36 ± 1.9 20 ± 1.0 39 ± 5

Cardiac output (L.min ’) 4.8 ± 0.4 3.0 ±0.2 4.7 ±0.96^*

Cardiac index 2.5 ±0.2 1.5 ±0.1 2.5 ±0.4^*

Total peripheral resistance 19 ± 1.5 35 ±3.4 24 ± 3.2

Forearm blood flow 2.9 ±0.3 2.8 ±0.5 2.9 ±0.5

Forearm vascular resistance 37 ±3.6 46 ±8.0 39 ± 4.7

Table 7.1 Physical and resting cardiovascular characteristics of young unfit, 

middle-aged unfit and middle-aged fit subjects.  ̂ denotes a significant difference 

between young unfit subjects and middle-aged unfit subjects, * denotes a significant 

difference between fit and unfit middle-aged subjects, * denotes a significant 

difference between young unfit subjects and fit middle-aged subjects (P<0.05, ** ***,

p<om).
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Young unfit Middle-aged unfit Middle-aged fit

Sustained handgrip

Mean arterial pressure 

Heart rate 

Stroke volume 

Total peripheral resistance 

Forearm blood flow 

Forearm vascular conductance

Mental stress

Mean arterial pressure 

Heart rate (30 s)

Heart rate (2 min)

Forearm blood flow

Cold pressor test

Mean arterial pressure 

Heart rate (15s)

Total peripheral resistance 

Forearm blood flow 

Forearm vascular conductance

t t  t t
t t  t t t
j < - > « - >

t t ♦♦
I ♦♦

t t  t t  t
t t  t t t
t t —
I ♦*

II I ♦♦
I  ♦ - >  ♦ >

I * *  I
I ** **

I ♦+ ♦*

Key: | , increase ( |  t »large increase); j , decrease; no change.

Table 7.2 Summary of cardiovascular responses to stressors in young unflt, 

middle-aged unfit and middle-aged fit subjects. Blood pressure responses to stress 

tended to be smaller in middle-aged subjects, without a difference between fit and 

unfit middle-aged subjects. Heart rate responses to stress were reduced by ageing, but 

maintained in the middle-aged fit subjects. Vascular responses to stress declined with 

ageing, and this did not appear to be improved by training.
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Figure 7.1 Effects of ageing and training on the blood pressure response 

to a sustained handgrip. A. Blood pressure response to handgrip test. * 

young vs old (P<0.05). B. The absolute increase in blood pressure from rest 

to fatigue was lower in middle-aged unfit subjects, without a difference 

between the fit and unfit subjects. * denotes a significant difference between 

groups (P<0.05).
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Figure 7.2 Effects of ageing and training on the heart rate response to a 

sustained handgrip. A. Middle-aged unfit subjects had a reduced heart rate 

response to handgrip compared with young subjects. * young vs. older unfit 

subjects. B. The magnitude of HR increase was reduced in the middle-aged 

population compared with young unfit subjects, but there was no difference 

between young and middle-aged fit subjects. * denotes a significant difference 

between groups (P<0.05, ** P<0.01).
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Figure 73  Effects of ageing and training on the stroke volume and 

cardiac index response to a sustained handgrip. A. Middle-aged unfit 

subjects had a lower stroke volume index response to isometric exericse than 
both young and middle-aged fit subjects. B. Middle-aged unfit subjects also 

had a lower cardiac index responses than both young ad middle-age fit

subjects, * young vs. older unfit subjects, t  fit vs. unfit middle-age subjects

(P<0.05).
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Figure 7.4 Effects of ageing and training on the total peripheral resistance 

response to a sustained handgrip. A. Middle-aged unfit subjects had higher 
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mental arithemetic. A. Heart rate during 2 min mental arithemetic. * young 

vs. middle-aged unfit, t  fit vs. unfit middle-aged subjects (P<0.05). B. The 
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the cold pressor test. A. Blood pressure response to cold pressor test. * young 
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Figure 7.12 Effects of ageing, and training in an older population, on the 

heart rate response to the cold pressor test. A. Heart rate during the cold 

exposure. * young vs. middle-aged unfit, t  fit vs. unfit middle-aged, § fit vs. 

young subjects. B. Cold exposure caused an immediate increase in heart rate 

after 15 s which was absent in both middle-aged groups. § denotes a 

significant increase from rest, * denotes a significant difference between 

groups (P<0.05, ** P<0.01).
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Figure 7.13 Effects of ageing and training on stroke volume and cardiac 

index responses to the cold pressor test. A. Middle-aged unfit subjects 

had a lower stroke volume index during cold exposure than both young unfit 
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cardiac index responses than young and middle-aged fit subjects, * young 
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Figure 7.14 Effects of ageing and training on the total peripheral 

resistance response to the cold pressor test. A. Middle-aged unfit subjects 

had higher peripheral resistance compared with both young unfit and middle- 
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7.4 Discussion

7.4.1 Resting cardiovascular status

Ageing has been previously shown to be associated with an increase in resting 

blood pressure, plasma noradrenaline and sympathetic nerve activity (Zeigler et al., 

1976; Burt et al., 1995, Ng et al., 1993). The results o f the present study agree with 

these findings, as m iddle-aged non-sm oking unfit subjects were found to have 

significantly higher systolic, diastolic and mean arterial blood pressure than young 

unfit subjects. Similarly, middle-aged unfit subjects also had elevated resting total 

peripheral resistance, an indication of peripheral vasomotor tone. It must be noted 

that these subjects had a higher body mass than the younger subjects. However, 

within the older population no correlation was found between body mass index or 

body mass and resting blood pressure or total peripheral resistance.

Recent evidence has shown that there is an increase in brain noradrenaline release 

which was correlated with MSNA. This could suggest that the increase in sympathetic 

drive is due to an increase in subcortical central nervous system sympathetic drive 

(see Seals & Esler, 2000). However, in the present study, an increase in sympathetic 

drive may result as a baroreflex compensatory mechanism for reduced cardiac output, 

which was seen in the middle-aged unfit subjects. Also, a negative correlation was 

found between resting blood pressure and aerobic fitness within the unfit population, 

suggesting that a decline in physical activity may contribute to the elevation of 

sympathetic drive with ageing.

A recent meta-analysis of the effects of exercise interventions on blood pressure 

in older subjects has revealed a significant reduction in blood pressure with training 

(Kelley & Kelley, 2001). In the present study, trained m iddle-aged subjects had 

similar blood pressures to those of young unfit subjects, and the age-related increase 

in total peripheral resistance was attenuated, suggesting that training in an older 

population reduces sympathetic drive. This may involve a central downregulation of 

sympathetic drive as occurs in young athletes, or may be related with the increase in 

cardiac output seen in the middle-aged fit subjects in the present study. This would 

abolish the need for increased baroreflex-m ediated sympathetic drive. A negative 

correlation was also found within the middle-aged population between diastolic blood
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pressure and fitness, showing the positive effect of exercise training on blood pressure 

in an older population.

In contrast to these findings, Ng et al. (1994b) reported that older athletes had 

greater MSNA, and Boutcher et al. (2001) did not see a difference in total peripheral 

resistance between trained and untrained older subjects. Several observations can be 

made about these studies. Firstly, in the Ng et al. (1994b) study, older fit subjects had 

reduced resting blood pressure and similar plasma noradrenaline levels compared with 

untrained controls, and it is thus hard to reconcile these findings with elevated 

MSNA. With ageing, direct measurement of sym pathetic nerve activity may not 

reflect peripheral effects of sympathetic vasom otor output given the reduction in 

noradrenaline transmitter release (Buchholz et al., 1994; Tsai et al., 1997), neuronal 

re-uptake (Esler et al., 1995) and adrenergic receptor sensitivity (see Lakatta, 1993) 

associated with ageing. Also, in the Boutcher study, total peripheral resistance values 

for fit subjects are similar to those seen in the present study, while results of the 

untrained population were markedly lower than those seen in the present study. Thus, 

the controls in that study may have had elevated sympathetic activity. Additionally, 

in both studies, trained athletes were approximately fifteen years older than those in 

the present study.

Ageing is associated with a decrease in cardiac contractility and stroke volume 

that is thought to result from reduced cardiac P-adrenergic responsiveness (see Seals, 

1994). This is thought to be due to a reduction in receptor binding rather than to a 

decrease in receptor density (see Lakatta, 1993). Untrained middle-aged subjects in 

the present study had significantly reduced stroke volum e and cardiac output 

compared with younger subjects. However, in the m iddle-aged fit population, no 

reduction was seen in stroke volume, and cardiac output was similar to that seen in 

young unfit subjects. While the absolute values for sedentary middle-aged subjects 

may be smaller than would be expected, the difference in stroke volume values 

between middle-aged fit and unfit subjects is similar to that reported by Boutcher et 

al. (2001) measured also be impedance cardiography (104 cf 76 ml). However, it 

must also be noted that the larger body mass o f the sedentary subjects may affect 

resting impedance values and thus the calculation of stroke volume.

It has previously been shown that the increase in oxygen consumption in older 

athletes is as a result of an increase in cardiac output (Spina et al., 1993). However, it
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has not been conclusively dem onstrated whether this response is due to an 

improvement of |3-adrenergic responsiveness. The training-induced increase in stroke 

volume has been reported to be inhibited by (3-adrenergic blockade (Spina et al., 

1998), and training has been shown to reverse (Spina et al., 1998) or not affect 

(Stratton et al., 1992) the age-related decline in systolic blood pressure responses to 

isoproterenol. Thus, alternative mechanisms may also be involved. For exam ple, 

stroke volume may be increased as a consequence of an increase in plasma volume in 

older trained subjects (Carroll et al., 1995).

7.4.2 Ageing and stress responses

In addition to increased resting sym pathetic drive, ageing has been widely 

reported to be also associated with exaggerated sympathetic activity during stress. 

This assumption was first made on the basis of exaggerated plasm a noradrenaline 

responses to stress in older subjects (Palm er et al., 1978; Barnes et al., 1982). 

However, subsequent to this, increased blood pressure, heart rate and total peripheral 

resistance responses to mental stress and isometric exercise have also been reported 

(Boutcher & Stocker, 1996; Smolander et al., 1998; Boutcher & Stocker, 1999). The 

results from the present study do not support this hypothesis, as pressor responses to 

physical and mental stressors were not different between young and middle-aged unfit 

subjects. In fact, as resting values for blood pressure were higher in older subjects, 

the magnitude of pressor responses tended to be decreased in middle-aged subjects 

compared with young control subjects. Similarly, the increase in total peripheral 

resistance to isometric exercise and cold exposure was significant in the young unfit 

subjects only, which suggests a decreased ability of older subjects to reflexly increase 

vasomotor tone. Indeed, vascular constrictor and dilator responses have been reported 

to be reduced with ageing (see Lakatta, 1993).

In support of the present findings, a recent review  by Seals & Esler (2000) 

suggests that the increased noradrenaline responses to stress result from  lower 

neuronal reuptake, and not increased sympathetic activation. Also, a study by Taylor 

et al. (1991) looked at the circulatory responses during a sustained handgrip and 

found there was no difference between young and older subjects in either the blood 

pressure, blood flow or noradrenaline responses to isom etric exercise. Like the 

present study, the only difference seen with ageing was in heart rate responses to
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handgrip. Ng et al. (1994a) have similarly shown that MSNA response to stress were 

similar in young and older subjects, but due to older subjects having higher resting 

M SNA, the percentage increase in M SNA was actually sm aller in the older 

population.

Interestingly, pressor responses to cold exposure were much reduced in middle- 

aged unfit subjects. This is likely to reflect a reduced a-adrenergic vascular 

responsiveness with ageing, as has previously been noted (Hogikyan & Supiano, 

1994). Hogikyan & Supiano (1994) attribute this to be as a consequence of 

heightened resting sympathetic nervous activity in older subjects, and have shown 

conversely shown that if  sympathetic nervous activity is suppressed, there is an 

upregulation of a-adrenergic responsiveness. In support of this theory, an increase in 

total peripheral resistance in response to cold exposure was only seen in the young 

unfit and middle-aged fit subjects only i.e. when total peripheral resistance, and 

presumably sympathetic activity was low. Thus, training in an older population 

appears to improve a-adrenergic in addition to cardiac (3-adrenergic responsiveness. 

In a study looking at the effects of ageing on cold pressor responses, Pascualy et al. 

(1999) reported a greater plasma noradrenaline response in subjects over 80 yrs. 

However, this is likely to be compensation for reduced a-receptor binding or due to 

reduced neuronal reuptake, rather than exaggerated sympathetic activation since the 

blood pressure response to cold exposure in fact appeared to be greater in the young 

subjects.

W hile pressor responses were not greatly affected by ageing, the heart rate 

increases to stress was consistently diminished in middle-aged unfit subjects. The 

magnitude o f heart rate increase to sustained handgrip, and the initial increases in 

heart rate to mental arithmetic and cold exposure were all blunted in middle-aged 

unfit subjects. This represents a decreased ability o f m iddle-aged subjects to 

modulate heart rate quickly by means of vagal w ithdraw al (mental stress, cold 

exposure) and possibly also by (3-adrenergic stimulation (fatigue stages of sustained 

handgrip).

An interesting finding of this study was that the vasodilator response to sustained 

handgrip appeared to be intact in middle-aged unfit subjects, but the increase in 

forearm  blood flow to mental stress was absent. A norm al forearm  blood flow 

response to isom etric exercise has previously been observed in older subjects
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(Jasperse et al., 1994), but no other studies that I am aware o f have reported blood 

flow responses to mental stress in an older population. As discussed in Chapter 3, 

controversy exists as to whether the increased blood flow seen during handgrip 

exercise and mental arousal is due to neurally-mediated sympathetic vasodilation or to 

circulating catecholamines (see Joyner &. Halliwill, 2000). In both situations, studies 

using (3-adrenoceptor blockade have suggested that adrenomedullary activation may 

be involved (Barcroft et al., 1960; Eklund & Kaijser, 1976; Halliwill et al., 1997; 

Joyner &. Halliwill, 2000). The involvement of sympathetic neural activation has 

been demonstrated by the absence o f vasodilation in sym pathectom ised patients 

(Barcroft & Edholm, 1945; Blair et al., 1959). Furthermore, atropine has been found 

to abolish the vasodilator response in a number of studies, supporting the involvement 

of cholinergic fibres (Blair et al., 1959; Fend  et al., 1959; Sanders et al., 1989; Dietz 

et al., 1994;Dietz et al, 1997).

Another uninvestigated possibility is that forearm  vasodilator responses may 

result from a com bination of both p-adrenergic stim ulation and direct neural 

influence. It has previously been shown that older subjects have reduced vasodilator 

responses to infusions of isoproterenol (Van Brummelen et al., 1981), and that ageing 

is generally associated with impaired (3-adrenoreceptor-mediated dilation (Lakatta, 

1993; Arribas et al., 1994). The findings of the present study suggest that isometric 

exercise-associated vasodilation may have a greater neural com ponent which is 

unaffected by ageing, but that with mental stress, increases in blood flow are mediated 

prim arily  by circu lating  catecho lam ines. Thus only (3-adrenergic-mediated 

vasodilator responses are attenuated with ageing. An alternative explanation could be 

vasodilation may persist in response to the sustained handgrip because the 

sympathetic stimulus is larger than that during mental stress. As both heart rate and 

pressor responses are greater with isometric exercise than mental stress, the stimulus 

for changes in forearm blood flow are also likely to be greater with isometric exercise.

As well as impaired forearm vasodilator responses, forearm  vasoconstrictor 

responses were also found to be im paired in the m iddle-aged subjects, with an 

absence of changes in forearm vascular responses to the cold pressor test. A similar 

response was reported by Hogikyan & Supiano (1994), who found that infusion of an 

a-adrenergic stim ulant resulted in reduced forearm  vasoconstriction in an older 

population.
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7.4.3 Ageing, stress responses and regular aerobic training

There are only two studies in the literature that I am aware o f examining the 

effects o f aerobic training on stress responses in an older population. Ng et al. 

(1994b) looked at the blood pressure, heart rate, MSNA and noradrenaline responses 

to the cold pressor test and isometric handgrip, and Boutcher et al. (2001) studied the 

effects of the Stroop test on a number of indirect measures o f sympathetic activation. 

In summary, Ng et al. found older trained subjects had a tendency for greater 

increases in MSNA and noradrenaline, but similar blood pressure responses to both 

the cold pressor test and isometric exercise, and they concluded that older athletes 

have greater resting sympathetic drive and greater sympathetic responses. Boutcher et 

al. (2001) found trained older subjects to have greater increases in total peripheral 

resistance and systolic blood pressure than unfit subjects, which they suggested was 

due to greater sensitivity to a-adrenergic stimulation. In contrast to these studies, I 

did not find a difference in stress responses between fit and unfit m iddle-aged 

subjects. The pressor responses to isometric exercise were similar between groups, 

and the increases in mean arterial pressure to mental stress and cold exposure in fact 

tended to be somewhat lower in fit than unfit middle-aged subjects. Middle-aged fit 

subjects also had lower peripheral resistance during stress than middle-aged unfit 

subjects, indicating that systemic vasculature is under haem odynam ic stress than 

middle-aged unfit subjects. Such an effect would be beneficial in reducing arteriolar 

structural changes that involve increased sympathetic innervation (see M ancia et al., 

1999).

There are several possible reasons that could explain the difference between these 

earlier studies, and the present results. Firstly, in both the previous studies, subjects 

were approximately fifteen years older than those I used, thus sympathetic activation 

with training may alter with progressing age. Secondly, aerobic fitness was only 

estimated in the study by Ng et al. (1994b), and the estim ated maximum oxygen 

uptake in older athletes was only 44 ± 1 (ml.min ').kg '', which may suggest that these 

athletes were not of the same fitness level as those in the present study. A lso, the 

biggest difference between groups seen in the Ng et al. (1994b) study was in MSNA, 

and as previously discussed, this may not necessarily reflect elevated sympathetic 

drive with ageing.



It is worth discussing the possible age-related differences in findings. Firstly, 

with regards to changes in resting sympathetic drive with ageing, it appeared from the 

present study that the increase in total peripheral resistance arose as a result of 

reduced cardiac output. However, studies in older populations have suggested that 

sympathetic drive is increased as a result of a central increase in sympathetic output. 

A possible progression of changes in sympathetic activity with ageing could involve 

the following; an initial increase in sympathetic drive as baroreflex compensatory 

mechanism for reduced cardiac function, further increases in sym pathetic drive 

arising from decreased baroreflex control of sympathetic function, and finally, a 

central increase in sympathetic drive to compensate for poor baroreflex control and 

decreased vascular responsiveness. It has been suggested that the increase in basal 

sympathetic outflow with age plays an important role in maintaining cardiovascular 

function due to the widespread decline in cardiovascular receptor responsiveness (Ng 

et al., 1994a,b). Progressive changes in cardiovascular control in this manner may 

also explain the different results reported on the effects o f training in ‘o lder’ 

populations of different age-groups.

Although sympathetic activation did not appear to be blunted in a similar manner 

to that seen in young athletes, positive effects of training were observed in the reflex 

vagal cardiac tone. During each test, unfit middle-aged subjects showed a reduced 

ability to increase heart rate; however, the heart rate increases in older fit subjects 

were not different from that seen in younger subjects. This suggests that exercise 

training has the ability to reverse this age-related effect. In support of this theory, 

some recent studies looking at the age-related decline in cardiovagal baroreflex 

function have also found that physical training restores neural vagal control o f the 

ageing heart (Monahan et al., 2000; Hunt et al., 2001).

Despite positive effects on autonomic control o f cardiac function with training in 

the middle-aged population, training did not appear to affect age-related decline in |3- 

adrenergic-m ediated vasodilation, or a-adrenergic-m ediated vasoconstriction in 

skeletal muscle vasculature. Thus training may not improve the decline in peripheral 

receptor sensitivity with ageing. However, in response to the cold pressor test, total 

peripheral resistance was increased significantly in the fit middle-aged group, which 

implies that there may be some degree of improvement in vasomotor responsiveness.
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7.4.4 Summary

This study has shown that age-related increases in resting blood pressure and 

total peripheral resistance and age-related reductions in stroke volume and cardiac 

output are reversed by regular aerobic exercise. The findings of this study do not 

support the notion that ageing is associated with sympathetic hyperreactivity, as 

pressor responses to physical and mental stressors were not different between young 

and middle-aged unfit subjects; in fact, the magnitude of responses tended to be 

blunted in older unfit subjects due to higher baseline values. Chapter 3 found that 

cardiovascular responses to stress were blunted in young trained subjects. However, 

training in middle-aged subjects did not have a similar effect. Training in the older 

group did appear to restore vagal dominance of the heart. An age-related decline in 

vasodilator and vasoconstrictor function of forearm skeletal vasculature was also not 

altered by training in middle-aged subjects. This study suggests the possibility that 

age-related changes in sympathetic activity may be dependent on the stage of ageing.



8 ‘Ejfect o f acute and chronic exercise on endothelial function 

in middle-aged healthy male subjects'

8.1 Introduction

In Chapter 5 it was reported that both chronic and short-term  training increase the 

endothelium -dependent blood flow  response to tissue ischaem ia. This response is 

likely to be due to upregulation o f dilator substances during acute exercise in response 

to chronic shear stress in endothelial cells (Yen et al., 1995; H uonker et al., 1996; 

C hen & Liao, 1998). In anim al studies, enhanced dilator function post-exercise has 

been shown to involve increased NO and prostaglandin production (Y en et al., 1995; 

R o ller et al., 1995; Chen et al., 1999). In hum an studies, an enhanced vasodilator 

response to acetylcholine has also been observed post-training (K ingw ell et al., 1996; 

H igashi et al., 1999), which m ay also  involve in an increase in N O  production  

(K ingwell et al., 1997).

A ge is another factor that appears to influence endo thelium -dependen t d ila tor 

function. For exam ple, ageing in rats has been shown to be associated with decreased 

endothelium -dependent vasodilator responses to acetylcholine that are secondary to 

reduced production o f endogenous NO (Ibarra et al., 1995). Endothelial NOS activity 

has been shown to decrease with age in rats (Challah et al., 1997) and an excess o f 

superoxide and O 2 generation in o lder an im als has also  been  reported  recently  

(H am ilton et al., 2001). In hum an studies, reduced vasodilator responses to infused 

acetylcholine (Taddei et al., 2000) or m ethacholine (G erhard et al., 1996) have been 

shown in older populations.

W hether regular exercise training affects the age-related  decline in endothelial 

function in hum an subjects has received little attention. A  num ber o f studies have 

exam ined either forearm  vascular responses to acety lcholine (H igashi et al., 1999; 

D eSouza et al., 2000; Taddei et al., 2000) or the brachial artery response to forearm  

reactive hyperaem ia (Ryw ik et al., 1999; R inder et al.,  2000). H ow ever, such 

research is lim ited in its interpretation. F irstly , acetylcholine infusion m easures only 

the vasod ila to r response  to s tim u la tio n  o f  m u scarin ic  recep to rs . S eco n d ly , 

m easurem ent o f conduit artery diam eter m ay not give a good indication o f  vasodilator
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function in resistance vessels, where it is of greater functional importance with regard 

to blood pressure regulation.

The aim of the present study was to assess the effects of training in a middle-aged 

population on a wider variety of markers and tests o f endothelial function. To 

accomplish this, resting CECs and plasm a concentrations o f TM and vW F were 

measured. M icrovascular vasodilation to reactive hyperaem ia was measured as a 

marker of endothelium-dependent vasodilation. Finally, the endothelial response to 

physical stress (an acute bout of exercise) was assessed as a further indication of the 

interactions of ageing and training on endothelial responsiveness.
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8.2 Methods

8.2.1 Subjects

22 middle-aged, non-smoking male subjects (40-60 yrs) were recruited on the 

basis of performing, or not performing, regular physical training. 8 o f the 9 trained 

subjects were distance runners (approximately 25 miles/week), and one was a cyclist 

(200 miles/week). Untrained subjects (n=9) engaged in some mild activity (golf, 

recreational walking), but were not involved in any aerobic training regimen. Four 

subjects were excluded due to high resting blood pressure (>150/90mmHg).

8.2.2 Experimental protocol

Subjects were required to attend the laboratory on two occasions. Session one 

comprised a medical examination followed by a maximal incremental exercise test to 

quantify fitness levels. During their medical exam ination, subjects gave a 15ml 

sample of blood (1 x 3ml, 2 x 6ml). This was followed by a standard incremental 

exercise test to quantify maximal aerobic fitness. Immediately after the fitness test, 

subjects gave a second 12ml blood sample (2 x 6ml). One 6ml sample pre- and post

exercise was used to measure CECs. One 6ml sample pre- and post-exercise was 

spun down at 2500g for ten m inutes, aliquoted into 50^il sam ples and stored 

immediately at -80°C for later analysis. CECs, TM , vWF and IL-6 were measured as 

previously described. Subjects reported to the laboratory on a second day when the 

forearm blood flow response to tissue ischaemia reactive was measured as described 

in Chapter 2. Testing took place between April and August.

8.2.3 Statistical analysis

Group results were expressed as mean ± S.E.M. and were analysed with unpaired 

(for trained versus untrained results and com parison o f ages) tw o-tailed non- 

parametric (W ilcoxon or M ann-W hitney) tests, making no assum ption about the 

scatter of the data. Linear regression was used to determine any relationship between 

variables. A P value of <0.05 was considered significant.
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83  Results

8.3.1 Subject characteristics

Results from middle-aged subjects were compared with data from unfit young 

subjects from C hapter 5 (n=8) and Chapter 6 (n=9). Physical and resting 

cardiovascular characteristics o f subjects are compared in Table 8.1. M iddle-aged 

unfit subjects had greater body mass and body surface area, and lower fitness levels. 

Mean arterial pressure was raised in the middle-aged unfit group than young unfit 

group, but there was no difference between young unfit subjects and middle-aged fit 

subjects. Forearm blood flow and vascular conductance were similar in all groups.

8.3.2 Resting makers of endothelial damage

Middle-aged subjects generally had great numbers of CECs than the young unfit 

group and, although this elevation was only significant comparing young untrained 

with old trained subjects (41 ± 4.7 cf 109 ± 14.1 cell.ml ', P<0.01, Figure 8.1) due to 

the large variation in CEC counts in middle-aged unfit subjects. A significant overall 

correlation was also found between CEC numbers and age (r=0.47, P<0.05, Figure 

8.11 A). By contrast with the situation in young trained subjects in Chapter 5, middle- 

aged trained subjects possessed no more CECs than their untrained counterparts (109 

± 14.1 cf 111 ± 33 cell.ml '. Figure 8.1) and no correlation was found between fitness 

levels and CEC numbers.

Plasma TM tended to be lower in middle-aged unfit subjects (9.14 ± 1.0 cf 11.32 

± 0 . 4  ng.ml ‘, P=0.06), and was lower in middle-aged fit subjects compared with 

young unfit individuals (7.82 ± 0.65 cf 11.32 ± 0.4 ng.ml ',  F<0.05, Figure 8.2). 

There was no effect of training on resting plasma TM  concentrations in the older 

population.

There was no difference between young and older unfit subjects in resting plasma 

concentrations of vWF (55 ± 16 cf 31 ± 5 units). H ow ever, vW F was low er in 

middle-aged unfit subjects than middle-aged fit subjects (31 ± 5 cf 63 ± 15 units, 

P=0.05, Figure 8.3). There was no difference between young unfit and middle-aged 

fit subjects.

Plasma 11-6 concentration was higher in both middle-aged unfit (31 ± 3.6 cf 14 ± 

7.3 ng.ml ', P<0.01) and fit (27 ± 4.8 cf 14 ± 7.3 ng.ml ', P<0.05) groups compared
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with the young unfit population (Figure 8.4). IL-6 was not correlated with CECs, 

vWF or TM concentration in the older population. However, a positive correlation 

was found between resting IL-6 plasma concentration and resting diastolic blood 

pressure (r=0.41, P<0.05, Figure 8.11C). A strong correlation was also found 

between IL-6 and age (r=0.63, P<0.0001, Figure 8.1 IB).

8.3.3 Reactive hyperaemia

After release of 3 min arterial occlusion, young subjects showed a forearm 

hyperaemic response representing about a three-fold increase in blood flow from pre

occlusion levels that returned to baseline values by 30 s post-occlusion. In the 

middle-aged unfit group, the magnitude of hyperaemia was similar to that seen in the 

young unfit population (7.6 ± 2.1 cf 7.8 ± 0.7 (ml.min ').100ml ', Figure 8.5). Chronic 

training in the older group was not associated with any enhancement of hyperaemia 

relative to their age-matched controls (8.3 ± 1.0 cf 7.6 ± 2.1 (ml.min ').100ml ', Figure 

8 .6).

8.3.4 Effeetsi of acute exercise on markers o f endothelial integrity

CECs were significantly increased in the m iddle-aged fit subjects after acute 

exercise (before, 109 ± 14.1 after, 192 ± 36.9 cells.ml ',  P<0.05, Figure 8.7). No 

change in CECs was seen in middle-aged unfit subjects post-exercise.

It was reported in Chapter 7 that a significant increase in plasma concentration of 

TM was seen in young unfit subjects post-exercise. Sim ilarly, m iddle-aged unfit 

subjects increased plasma TM post-exercise (9.14 ± 1.0 to 10.91 ± 0.05 ng.ml ', 

P<0.05, Figure 8.8) and there was no difference in the magnitude of this response 

between young and older subjects (0.27 ± 0.02 cf 1.77 ± 0.6 A ng.ml '). By contrast, 

middle-aged fit subjects did not show a change in plasm a TM concentration post

exercise.

Exercise was not found to cause an increase in vW F in young unfit subjects in 

Chapter 6, and this was also true for middle-aged unfit subjects, although there was a 

tendency for vWF to be increased (31 ± 5.4 to 46 ± 11.7 units, P=0.09). Middle-aged 

fit subjects showed no change in vWF post-exercise (Figure 8.9).
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In Chapter 6, no change was seen in IL-6 levels in young unfit subjects, and 

while it appears there have been a trend for plasma IL-6 concentration in increase 

post-exercise in the older unfit population, this was not significant (see Figure 8.10).
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Young unfit Middle-aged Middle-aged fit

(n=9) (n=9) (n=9)

Age (yrs) 23 ±0.8 52 ± 2.2 49 ±2.1

Height (cm) 176 ± 1.8 182 ±2.9 177 ±2.3

Body mass (Kg) 75 ±3.3 86 ±3.2 74 ±3.2

Body Mass Index (Kg.m^) 24 ±0.8 26 ± 1.3 24 ±0.5

Body Surface Area 1.91±0.05 2.07 ± 0.04 1.91 ±0.05^*

V0 2 p,,k (ml.min.kg') 54 ± 2 38 ±3.1 58 ±3.3

Heart rate (beat.min ') 75 ± 2.4 74 ± 1.9 66 ± 2.2 # *

Mean arterial pressure (mmHg) 93 ± 1.5 100 ± 2.3 96 ± 1.8 ^

Forearm blood flow 2.9 ±0.3 2.8 ±0.5 2.9 ±0.5

Forearm vascular conductance 0.03 ± 0.003 0.03 ±0.005 0.03 ±0.005

Table 8.1 Physical and resting cardiovascular characteristics of young unfit,

middle-aged unfit and middle-aged fit subjects.  ̂ denotes a significant difference 

between young unfit subjects and middle-aged unfit subjects, * denotes a significant 

difference between fit and unfit middle-aged subjects, # denotes a significant 

difference between young unfit subjects and fit middle-aged subjects ( P<0.05,

##, P<0.01).
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Figure 8.1 Effects of ageing and training on CEC numbers. CECs 

tended to be higher in older subjects, but due to large variation in the 

middle-aged unfit group, this was significant only for young vs. middle- 

aged fit subjects. * denotes a significant difference between groups 

(P<0.05).
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Figure 8.2 Effects o f ageing and training on plasma TM  

concentration. Middle-aged unfit subjects tended to have lower resting 

levels of TM than young unfit subjects (P=0.06), and this was significant 

for young vs. middle-aged fit subjects. There was no difference between 

the middle-aged fit and unfit populations. * denotes a significant 

difference between groups (P<0.05).
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Figure Effects o f ageing and training on plasma vW F 

concentration. Ageing tended to be associated with a reduction in vWF 

plasma levels (P=0.09). Training in the older population was associated 

with greater resting vWF plasma concentrations. * denotes a significant 

difference between groups (P<0.05).
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Figure 8.4 Effects o f ageing and training on plasma IL-6 

concentration. Both middle-aged unfit and fit subjects had 

significantly higher levels of IL-6 than young unfit subjects. There 

was no effects of training on IL-6 in the older population. * denotes a 

significant difference between groups (F<0.05).
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Figure 8.5 Effects of ageing on reactive hyperaemia. The blood flow 

response to 3 min arterial occlusion was not different between young 

unfit and middle-aged unfit subjects.
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Figure 8.6 Effects of training on reactive hyperaemia in a middle- 

aged population. The blood flow response to 3 min arterial occlusion 

was not different between young unfit and middle-aged unfit subjects.
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Figure 8.7 Effects of acute exercise on CECs in fit and unfit 
middle-aged men. Post-exercise, CECs were significantly increased in 

the middle-aged fit group, but not in the unfit group. * denotes a 
significant difference post-exercise (P<0.05)
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Figure 8.8 Effects of acute exercise on plasma TM in fit and unfit 

middle-aged men. Plasma TM was raised by acute exercise in the 

middle-aged unfit group only. * denotes a significant difference before 

and after exercise (P<0.05).
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Figure 8.9 Effects of acute exercise on plasma vWF in fit and unfit 

middle-aged men. VWF was unaltered by acute exercise in middle- 

aged subjects.
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Figure 8.10 Effects of acute exercise on plasma IL-6 in fit and unfit 

middle-aged men. Plasma IL-6 concentration was not raised by acute 

exercise in either fit or unfit middle-aged subjects.
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8.4 Discussion

It was shown in Chapter 5 that training is associated with an increase in reactive 

hyperaemia and increased CEC numbers. Thus the aim of this study was to assess 

how training alters endothelial function in a middle-aged population, where published 

evidence suggests that endothelial function may be im paired. M iddle-aged unfit 

subjects were first compared with a young unfit population to assess the effects of 

ageing on endothelial function, and the effects of training in middle-aged subjects was 

assessed by comparison with young unfit and middle-aged unfit subjects. The results 

o f this work showed that endothelium -dependent vasodilation was not impaired in 

middle-aged subjects, but also that there was no enhancement of vasodilator responses 

by training in the older men. CECs were elevated in the older population, but no 

further increases in CECs were observed with training. Resting levels of TM and 

vW F were decreased in middle-aged subjects, but IL-6 levels were increased. There 

was no difference between fit and unfit middle-aged subjects in the responses of TM, 

vW F or IL-6 to acute exercise, but fit subjects showed a significant increase in CECs 

post-exercise.

8.4.1 Resting markers of endothelial function

A positive correlation was found between increasing age and increasing CEC 

levels, mean CEC numbers tended to be increased in older subjects, although this was 

significant only for the young untrained versus old trained groups. In support of this 

finding, Challah et al. (1997) observed an increase in CECs in aged rats, which they 

suggested reflected an increased endothelial turnover w ith age. In an older 

population, increased CECs may reflect general endothelial damage due to oxidative 

stress or inflammatory processes associated with ageing. H owever, it m ust be 

remembered that no decline in vasodilator responses w ere seen in m iddle-aged 

subjects. Thus the increase in CECs with ageing is not indicative of im paired 

endothelial function.

Endothelial markers of dam age, TM  and vW F, were not raised in the middle- 

aged subjects. In fact, they tended to be lower. It is possible that this reflects a 

decrease in protein production with age (Zs-Nagy, 1994). However, low levels of TM 

are associated with greater risk o f developing coronary heart disease, possibly
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reflecting TMs normal anticoagulant role (Wu & M atijevic-Aleksic, 2000), and may 

therefore not be favourable in the middle-aged unfit subjects.

Measurements of the proinflammatory cytokine IL-6 were made to assess the 

effects of ageing and training on cytokine production and to investigate whether 

changes in endothelial responses were associated with age-related increases in 

inflammation. Resting IL-6 concentration was found to be raised in the middle-aged 

population and a positive correlation was found between IL-6 and age, and between 

IL-6 and resting diastolic blood pressure, as has also recently been reported by Chae 

et al. (2001). In the Chae et al. (2001) study, measurements o f IL-6 was found to 

correlate with systolic, pulse and mean arterial pressure, and these authors suggested 

that increased blood pressure may be a stimulus for inflammation. The present study 

extends these findings by showing that the age-related increase in IL-6 is not 

associated with changes in either resting or peak blood flow responses, or changes in 

vWF and TM and does therefore not appear to affect endothelial function.

8.4.2 Endothelial responses to ischaemia and stress with ageing

Previous studies have reported an age-related decline in vasodilator responses to 

intra-arterial infusion of acetylcholine (Taddei et al., 2000) which has been shown to 

result from reduced NO production (Ibarra et al., 1995; Taddei et al., 2001). 

However, the results reported in the present Chapter indicated that there was no 

functional decline in metabolic endothelium-dependent vasodilation in a middle-aged 

population. In support of this, Jasperse et al. (1994) did not see a difference in the 

peak forearm muscle vasodilator capacity between young and older subjects.

Although reactive hyperaemia has been established to involve an increase in NO, 

as discussed in Chapter 1, other dilator substances are also important in this response. 

Indeed, Engelke et al. (1996) suggest that NO is not essential to see a normal peak 

reactive hyperaemia response in healthy subjects. Thus, the results of this study may 

not contradict previous work reporting reduced stim ulated NO production with 

ageing. Indeed, the findings of this study suggest that functional dilator responses can 

be observed despite a possible decline in NO production. W hen stim ulated, other 

vasodilator substances such as prostaglandins or adenosine may com pensate for 

reduced bioavailability of NO.
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However, it should also be noted at this stage that changes in endothelial function 

may be different in populations older than those tested in the present study. The mean 

age of subjects in this study were around 50 yrs. Taddei et al. (2001) have recently 

shown that the first stage of endothelial dysfunction in humans is a decline in NO 

production (45-60 yrs), but that in more elderly subjects (>60 yrs) oxidative stress is 

also increased. It was also shown by Taddei et al. (2001) that there is a continual 

decline in NO production with ageing. Similarly, Gerhard et al. (1996) have shown 

that there is a negative correlation between ageing and the slope of the dose-response 

curve for dilator responses to methacholine.

To establish the interactions of age and training on endothelial function, the 

vasodilator responses during reactive hyperaemia were m easured in fit and unfit 

middle-aged men, with the hypothesis that reactive hyperaemia would be enhanced by 

training as was seen in young subjects (Chapter 5). However, no such effect was 

seen. By contrast, two previous reports observed that reactive hyperaem ia was 

increased by training in older subjects (Rywik et al., 1999; Rinder et al., 2000). This 

difference might be explained by the fact that both earlier studies used brachial artery 

diam eter changes, rather that venous occlusion plethysmography to assess forearm 

blood flow. As discussed by Benjamin et al. (1995) the use o f brachial artery 

diameter as an index of blood flow is subjects to technical limitations, as small errors 

in arterial diameter result in large errors in calculated flow, and differences in pulse 

pressure also causes errors. Since brachial artery diam eter was also increased in 

response to an endothelium-independent dilator in older endurance-trained athletes 

(Rywik et al., 1999), brachial artery diameter changes may be reflecting some other 

adaptive characteristic in the vasculature of older fit subjects, for example, increased 

compliance with training, rather than increased endothelial function.

Another factor that may explain the difference between the findings of Rywik et 

al. (1999) and Rinder et al. (2000) is that in these studies, trained subjects had a mean 

age of 71 ± 5 .4  and 69 + 2.3 respectively. If progressive ageing is associated with 

more pronounced reductions in NO and increased oxidative stress (Taddei et al., 

2001), the effects of training on endothelial function may be more pronounced in 

older age groups.

There is substantial evidence in both man and animals that regular exercise 

results in chronic elevation of basal NO release from  the endothelium  (Sun et al..
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1994; Kingwell et al., 1997; Lewis et al., 1999), due to increased NOS activity (Sessa 

et al., 1994; Shen et al., 1995). This effect has been seen with training periods as 

short as 4 weeks (Kingwell et al., 1997). However, since increased fitness is 

associated with increased resting forearm  blood flow  and increased reactive 

hyperaem ia in young, but not in older fit subjects, exercise training may have 

differential effects on the microvasculature of difference ages. Indeed, basal limb 

flow, vascular conductance and arterial diameter have not been found to be affected 

by training in cross-sectional studies involving older subjects (Rywik et al., 1999; 

Kinder et al., 2000; Taddei et al., 2000; Dinenmo, 2001), or by training interventions 

in older subjects (Bank et al., 1998; Higashi et al., 1999). The present study also 

found no difference in resting forearm blood flow between fit and unfit subjects. 

Thus, in an middle-aged population, increased production o f vasodilator substances at 

rest does not appear to occur post-training, shedding further doubt on the effects of 

training on the endothelium in older subjects.

No animal studies that I am aware of have investigated the effects of shear stress 

on endothelial cells of different ages. M iyashiro et al. (1997) reported that flow- 

induced vascular remodelling diminishes with age in rats. Juvenile rats exposed to the 

same shear rate as adult rats had greater changes in vascular structure, and it was 

suggested that this might arise from  a decreased ability o f aged endothelium  to 

respond to shear stress. Such an effect could explain why training in a young 

population improves endothelium -dependent vasodilation, but has no effect in a 

middle-aged population of subjects who perform  equally high levels of aerobic 

exercise.

In Chapter 6, it was shown that young subjects elevated plasma TM levels post

exercise, indicating that acute exercise causes endothelial perturbation that leads to 

cleaving of TM from the plasma membrane. In middle-aged unfit subjects, a similar 

response was seen. It would therefore appear that acute exercise also causes 

endothelial damage in an older population. Unlike young trained subjects however, 

middle-aged fit subjects did not show increases in either vW F or TM . Instead, 

middle-aged subjects had a two-fold elevation of CECs post-exercise. It is has been 

shown in a number of studies that plasm a membranes that have been dam aged by 

shear stress are capable of resealing the membrane by a Ca^^-mediated stimulation of 

large vesicles that are recruited to patch the membrane (Terasaki et al., 1997; McNeil
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et al., 2000; McNeil & Baker, 2001). During this time, there is suggested to be an 

influx and efflux o f materials. I suggest that in young athletes, the endothelium is 

capable of repairing itself via patching of the plasma membrane, but that there is a 

large loss of vWF and TM , as seen in Chapter 6, as a consequence of previous 

damage from previous exercise bouts. However, in older athletes, previous levels of 

endothelial damage followed by another exercise bout may overwhelm  the repair 

processes of the cell and consequently lead to sloughing o f the endothelial cell. 

McNeil et al. (2000) have shown that resealing capacity is strongly dependent on 

local availability of organelles, and ageing is known to be associated with declines in 

membrane function (see Zs-Nagy, 1994). These factors may contribute to overwhelm 

the repair processes of endothelium in an older population being subjected to regular 

increases in shear stress.

8.4.3 Summary

Ageing was not found to be associated with increased markers o f endothelial 

damage, TM and vWF. However, both CECs and IL-6 were elevated, and positively 

correlated with ageing. Ageing was also not associated with a decline in reactive 

hyperaemia, and the endothelial response to exercise was similar in young and older 

unfit subjects.

Training in a middle-aged population appeared to have different effects on the 

endothelium compared with young athletes tested in Chapter 5 and 6. Firstly, resting 

and peak blood flow responses were not enhanced in m iddle-aged fit subjects. 

Middle-aged fit subjects did not release endothelial proteins in response to exercise, 

and instead appeared to show endothelial sloughing. Finally, training in a middle- 

aged population brought about no further increases in CBCs. This data suggest that 

shear stress is not detected or acted upon in older endothelium . This may reflect 

changes in the receptors responsible for transducing shear force, or in the cellular 

responses to receptor activation. In addition, acute exercise may cause endothelial 

cell death in trained older subjects due to an inability to repair damages to the plasma 

membrane.
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9 General Discussion

The objective of this thesis was to investigate the effects o f exercise on the SNS 

and endothelial function in order to further understand the mechanisms underlying the 

hypotensive effects of exercise. To do this, sympathetic activation and endothelial 

integrity were assessed after acute exercise, and after short- and long-term exercise 

training in young healthy subjects. To establish the effects of exercise when SNS and 

endothelial function are thought to be impaired, an older population o f athletes and 

sedentary controls were tested to assess the interactions of training and ageing.

9.1 Effects of exercise on sympathetic activity in young and middle-aged 

subjects

This thesis began with the premise that exercise training reduces resting blood 

pressure. To substantiate this statement, the significance of physical activity on blood 

pressure can be seen in Figure 9.1 where, taking all subjects who participated in 

studies, a highly significant correlation was found between resting blood pressure and 

aerobic fitness.

Resting blood pressure and sympathetic drive are increased with ageing (Burt et 

al., 1995; Esler et al., 1995; Ng et al., 1993), but it is debatable whether this is related 

to ageing, or associated lifestyle changes such as long-term smoking, increased body 

mass or physical inactivity. Ng et al. (1993) attempted to exclude these factors in 

their population and found that MSNA was still raised. However, in Ng et al. (1993) 

study, activity was assessed on the basis of a questionnaire and not by quantifying 

fitness levels. In Chapter 7 it was shown that m iddle-aged unfit subjects had 

significantly higher resting blood pressure than young unfit subjects, but that there 

was no difference between the middle-aged fit and young unfit subjects, who had 

comparable fitness levels as assessed by an incremental fitness test. This suggests 

that a decline in aerobic fitness may be largely responsible for the age-related increase 

in blood pressure. Indeed, within the young and m iddle-aged unfit population a 

significant negative correlation was found between systolic blood pressure and 

maximal aerobic fitness and diastolic blood pressure and maximal aerobic fitness. 

Within the middle-aged population, a negative correlation was also found between
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Figure 9.1 Effects of aerobic fitness on resting blood pressure.
Physical fitness was negatively correlated with A. systolic blood pressure 
(r=-0.34, P<0.01), B. mean arterial pressure (r=-0.47, P<0.0001), and C. 

diastolic blood pressure (r=-0.42, P<0.001).



diastolic blood pressure and maximal aerobic fitness (P<0.05), showing the positive 

effect of exercise training on diastolic blood pressure.

Taken together, these findings suggest that a decline in aerobic fitness is an 

important part of the age-related changes in blood pressure, and can be reversed by 

regular exercise in an older population. The results from Chapter 7 also implicated 

that in middle-aged subjects, the increase in peripheral resistance was brought about 

as a baroreflex compensatory mechanism for a reduced stroke volume and cardiac 

output. Thus, the reduction in peripheral resistance in the m iddle-aged trained 

subjects may be attributed to the increase in stroke volume. This is likely to involve 

improved contractility of the heart by an increase in (3-adrenergic sensitivity and 

training-induced hypervolaemia.

Chapter 3 demonstrated that in a younger population, regular exercise training 

caused an attenuation of cardiovascular responses to stressor tests that were both 

exercise-related and exercise-unrelated. This suggested that training results in a non

specific blunting of sympathetic activation, which is o f considerable importance, as 

exaggerated blood pressure responses to stress are implicated in the development and 

m aintenance o f hypertension (D rum m ond, 1983; M atsukaw a et al., 1991). 

Furthermore, results from this Chapter showed that similar blunting of sympathetic 

activation could be brought about by only 5 weeks o f moderate cycle training, 

emphasising the rapidity with which such benefits can be seen. The only difference 

seen between long- and short-term training was in the pressor responses to cold 

exposure. Functional neuroimaging of the cerebral cortex has identified similar areas 

of the brain associated with the increase in blood pressure and heart rate during 

isometric exercise and mental arithmetic (Critchley et al., 2000); thus, short-term 

training adaptations may involve reduced autonomic responses from these areas, with 

more complex responses requiring prolonged training.

In response to the evidence that relatively little exercise training is capable of 

reducing the cardiovascular responses to exercise and mental stress, an obvious 

question that arose was ‘how much exercise is enough?’. To address this, a study was 

designed to assess the cardiovascular responses to stress before and after a number of 

acute exercise protocols (Chapter 4). An acute bout of exercise has previously been 

demonstrated to be associated with a period of reduced blood pressure that is thought 

to arise from a decrease in sympathetic drive post-exercise. Thus it was speculated
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that sympathetic activation would be blunted post-exercise as occurs post-training. 

Unexpectedly, it was found that no exercise duration was associated with a reduction 

in with either resting blood pressure, or the blood pressure responses to stress. 

However, some subjects did show a consistent reduction in blood pressure, and the 

change in mean arterial blood pressure post-exercise tended to be correlated with pre

exercise resting blood pressure. Thus it could be speculated that acute exercise could 

have positive effects in a hypertensive population, but in normotensive population, it 

appears that chronic exercise is required to blunt sympathetic activation.

To establish whether blunting o f sympathetic activation occurs after training in an 

older population, where sympathetic activity is already thought to be raised, the 

cardiovascular responses to stress were measured in sedentary and trained middle- 

aged subjects. Firstly, results from this Chapter showed that the cardiovascular 

responses to stress were not exaggerated in the middle-aged unfit subjects, in fact, the 

magnitude of pressor and heart rate responses were reduced compared with young 

unfit subjects. Comparing middle-aged fit and unfit subjects showed that similar 

blunting of cardiovascular responses seen in young athletes was not apparent in older 

athletes. The blood pressure responses to isometric exercise and mental stress were 

similar between the two groups, but reduced pressor responses to cold exposure were 

observed in the fit subjects. However, it should be noted that during each stress test, 

total peripheral resistance was low er in trained subjects and the blood pressure 

responses were brought about m ainly by cardiac stim ulation. Thus, system ic 

vasculature is likely to be under less haemodynamic stress during periods of arousal 

in fit middle-aged individuals.

O ther positive effects of training in the older population on cardiovascular 

reflexes were observed. Prim arily, training in the m iddle-aged population was 

associated with an improved ability to reflexly modulate heart rate by means of vagal 

withdrawal and possibly also sympathetic stim ulation. The significance of such a 

result is that cardiovagal activity appears to be important in maintaining the electrical 

stability of the heart, especially in times of ischaem ia (see Schwartz et al., 1988; 

Vanoli etal. ,  1991).

The mechanisms of why training affects sympathetic responses in young but not 

older subjects can be speculated upon. There is evidence to suggest that the dorsal 

horn cells that receive peripheral inputs from exercising muscle exhibit plasticity and
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can undergo changes so that resulting autonomic responses are not fixed. This is a 

mechanism by which chronic stimulation o f brain cells during regular exercise may 

lead to a downregulation of pressor responses in young subjects. Several studies have 

reported that the excitability of dorsal horn cells can be decreased by manipulations 

such as N-methyl-D-aspartic acid (NMDA) receptor blockade (Neugebauer et al., 

1993) or NO inhibition (Wilson et al., 1999). The excitability o f these cells can also 

be increased (McMahon et al., 1993), and this response has a long duration as is seen 

in other examples of neural plasticity such as long term potentiation (see Lynch, 

1998). Long term potentiation has been shown to be impaired by ageing as a result of 

changes in the cell membrane and neurotransm itter availability, and is one of the 

mechanisms by which ageing impairs memory function (Lynch, 1998). Thus the 

effects of chronic stim ulation o f peripheral afferent may not have a sim ilar 

modulatory effect in older subjects performing regular exercise as in young subjects.

Controversy exists as to whether the increased blood flow seen during handgrip 

exercise and mental arousal are due to active neural sympathetic vasodilation (see 

Joyner &. Halliwill, 2000). The first suggestion of active dilation during times of 

stress in human studies came from Barcroft & Edholm (1945), when no increase in 

forearm blood flow was seen during syncope in sympathectomised patients, and from 

Blair (1959) who found that the dilator response to mental stress was also absent in 

sympathectomised patients. Since then, the involvement o f acetylcholine, adrenaline, 

nitric oxide and withdrawal o f vasomotor tone have all been implicated as mediators 

of skeletal vasculature vasodilation, as discussed in the Introduction.

However, despite the strong evidence from  B arcroft, Edholm  and B lair, 

reservations are voiced on the existence o f sympathetic cholinergic fibres in skeletal 

muscle in humans. This is mainly due to the fact that although there is strong 

histochemical demonstration o f cholinergic fibres in other tissues (see Bell, 1996), 

this has yet to be demonstrated in human skeletal muscle. In cats, it has been shown 

that acetylcholine from sympathetic cholinergic fibres can stimulate the endothelium 

to release NO and cause vasodilation (M atsukawa et al., 1993), thus the mechanism 

for such a response appears to be evident, at least in animals.

To summarise the findings from Chapters 3 and 7, vasodilation in response to 

isometric exercise occurred in young and middle-aged unfit subjects, but not young fit
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subjects, and vasodilation in response to mental stress occurred in young, but not 

middle-aged or young fit subjects.

The absence of the dilator response to mental stress in older subjects could 

suggest that the stimulus for increased skeletal blood flow during exercise may be 

stronger than during the fight or flight reflex. Indeed, as pressor and heart rate 

responses are higher during a sustained handgrip, this implies that sympathetic 

activation is greater during this test. In this regard, since sympathetic activation is 

blunted in fit subjects during isometric exercise and mental stress, the degree of 

sympathetic stimulation may not be sufficient to cause a significant elevation of blood 

flow. This suggests that dilator responses are stimulus-intensity-dependent. Indeed, a 

significant correlation was found between the forearm blood flow and heart rate 

response at fatigue point during the handgrip test. This implicates a relationship 

between the degree of stimulation and vasodilation.

Alternatively, as ageing is associated with impaired (3-adrenoreceptor dilation 

(see Lakatta, 1993), the absence of a vasodilator response to mental stress could 

indicate that the increase in forearm blood flow is mediated primarily by circulating 

adrenaline. Reduced (3-adrenoreceptor-mediated dilation with training (Izawa et al., 

1996) could explain the absence of a dilator response in the young fit population, but 

would still not explain why fit subjects do not have a dilator response to sustained 

handgrip. If skeletal muscle vasodilation occurs due to active sympathetic neural 

input, the absence of vasodilation in trained subjects would suggest that this neural 

pathway is blunted in a similar manner to the blunting vasomotor constrictor nerves. 

In older subjects, an age-related decline in this reflex could explain the lack of 

response in the middle-age subjects to mental stress, and the small persisting increase 

in blood flow at the end of the fatiguing handgrip exercise could be attributed to 

circulating adrenaline.

In conclusion, results from this thesis do not support the notion of either active or 

passive sympathetic dilation alone occurring during exercise and mental stress, but 

rather emphasise that there may be more than one mechanism involved. Some, or all, 

of these mechanisms appear to be effected by ageing or training. As neither mental 

stress nor exercise elicit a response in a population of fit healthy young males, doubt 

can be cast on the physiological importance of either response, especially in relation 

to the control of muscle perfusion at the onset of exercise.
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9.2 Endothelial responses to exercise in young and middle-aged subjects

In Chapter 5, it was shown that young trained subjects exhibited significantly 

greater forearm reactive hyperaem ic responses than did untrained, age-m atched 

controls. A similar increase in reactive hyperaem ia was seen in the previously 

untrained group after only 5 weeks o f moderate intensity training, and across both 

trained and untrained populations a significant correlation was seen between aerobic 

fitness and the peak blood flow response to tissue ischaemia. Comparison of reactive 

hyperaemic responses between young and m iddle-aged unfit men in Chapter 8 

showed there was no age-related decline in endothelial dilator function, at least in this 

age-group. However, when fit and unfit middle-aged subjects were com pared, no 

training-induced enhancem ent vasodilator capacity was seen. This suggests that 

although ageing is not related with a decreased in m etabolic dilation, there is a 

reduction in the capacity o f endothelial dilator processes to be upregulated with 

ageing.

Considering its single layer and important barrier functions, the endothelium is 

considered a static epithelial lining with low turnover rates. However, changes in cell 

death and growth are more common than might be expected. In fact, evidence from 

Yu & McNeil (1992) suggests that a high percentage of aortic endothelial cells have 

been wounded or injured, but have survived, and that injury to endothelial cells in the 

aorta is a common occurence. This comes from evidence that a fluorescent dye, 

lysine-fixable dextran, only enters wounded cells, and is retained in cells that have 

survived (see Yu & M cNeil, 1992; M cNeil & Steinhardt, 1997; Grembowicz et al., 

1999). Levels of cell injury are lowest in endothelial cells, but the frequency of injury 

is correlated with the level o f mechanical stress (Yu & M cNeil, 1992) and mechanical 

stress induces adaptive responses in cells.

A variety o f situations have been reported to increase endothelial turnover. 

Endothelial cell death and replication can be stim ulated by lipopolysaccharide 

injection, without denudation o f the aorta (Hansson et al., 1985). Turbulent fluid 

shear stress also stimulates substantial DNA synthesis in endothelial cells, suggesting 

an increase in mitotic levels (Davies et al., 1986), and as discussed in Chapter 6, 

sympathetic activation models also increases endothelial cell turnover (Petterson et 

al., 1990). In addition, risk factors such as hypertension, sm oking, diabetes and
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hyperlipidaemia have all been reported to be associated with increased endothelial 

cell death and turnover (see Lin, 1996). Similarly, atherogenesis is thought to involve 

endothelial injury (see Gutstein, 1988), and psychosocial stress is associated with 

increased endothelial cell death (Skantze et al., 1998).

The results from Chapter 6 indicated that acute exercise causes endothelial 

damage, which may lead to endothelial cell death with chronic exercise (Chapter 5). 

While this may seem an unfavourable event, cell dam age and death has been 

previously reported in a number of other cell types in response to acute exercise. 

Probably the first cell type to be established to be injured during exercise was the 

skeletal muscle cell (see Friden & Lieber, 2001 for a recent review). Recently work 

in skeletal muscle cells has shown that a stimulated increase in intracellular calcium 

results in the release of lactate dehydrogenase as a consequence of degraded 

membrane components (Gissel & Clausen, 2001). Lactate dehydrogenase release 

continues for a period of at least 2 hours during which time it further increases the 

cells permeability to calcium and accelerates the loss of membrane integrity. This is a 

postulated mechanism by which exercise causes skeletal muscle cell damage by self- 

acceleraling degradative pathways, and could be likewise applied to endothelial cells, 

as calcium is increased by shear stress (Jen et al., 2000).

Damage to blood cells has also been reported to occur post-exercise. Oxidative 

damage to DNA in white blood cells has been shown to be increased in response to a 

single bout of exhaustive exercise (Umegaki et al., 2000), and indices of cell damage 

to erythrocytes have also been reported. A significant increase in red blood cell 

membrane lipid peroxidation occurs post-exercise in rats (Tem iz et al., 2000), and 

markers of red blood cell damage are increased after exercise in humans (Santos-Silva 

et al., 2001). In both cases, the cell damage is thought to arise through oxidative 

stress involving white blood cell activation.

In addition to exercise-induced necrosis, a recent review  by Phaneuf & 

Leeuwenburgh (2001) has highlighted the increasing docum entation of apoptosis in 

skeletal muscle cells and lymphocytes after exercise, suggesting that exercise-induced 

apoptosis may be important in removing partially damaged cells and be involved in 

cell turnover rates.

In light of this evidence, it seems likely that exercise may also cause endothelial 

cell damage and death. The mechanism by which this occurs may be purely
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mechanical, or may involve changes in the metabolic environm ent. For example, 

endothelial cell damage might arise as a consequence o f increased intracellular 

calcium (Ando et al., 1988), from increased acidity, which causes endothelial cell 

swelling (Behmanesh & Kempski, 2000), or by increased oxidative stress during 

exercise. It has previously been suggested that increased levels of white blood cell 

activation products such as reactive oxygen species and proteases are capable of 

damaging vascular endothelium (Gorog et al., 1994). Alternatively, endothelial cell 

damage could involve (3-adrenergic stimulation, as discussed in Chapter 6.

It was shown in Chapter 5, that training was associated with an increase in CECs, 

and that the number of CECs per ml of blood correlated significantly with maximum 

aerobic fitness levels. This suggested that training in a young population causes an 

increase in endothelial cell turnover. There was also a tendency for CECs to be 

increased after a short-term training programme, which em phasises that CECs are 

increased proportionately with the amount of exercise training done, and that 

adaptations are due to chronic stimulation of the endothelial layer. In addition to the 

finding that acute exercise causes endothelial cell dam age, it was found that this 

response was more pronounced in chronically trained subjects. For both vWF and 

TM , the increased responses of athletes to exercise had a significant correlation with 

aerobic fitness levels.

If training increases endothelial cell turnover, what are the mechanisms that are 

involved in this process? It has been previously established that training causes an 

increased capillary network in skeletal muscle, and that this effect is mediated in part 

by an increase in vascular endothelial growth factor (V EG F), which increases 

endothelial proliferation (Richardson et al., 1999). It has also been shown that NO 

has angiogenic properties (Ziche et al., 1994) which may be involved in increasing 

cell turnover with training. Other growth factors may also play an important role in 

stimulating endothelial cell growth. For exam ple, basic fibroblast growth factor 

(bFGF) is released by mechanical disruption of the plasma membrane of endothelial 

cells independent of cell death or injury (Acevedo et al., 1993). Endothelial cell 

injury was also found to increase cellular expression o f bFGF message and protein 

(Ku & D ’Amore, 1995), and bFGF protein was upregulated at sites o f injury 

(Finklestein et al., 1988). Thus it has been suggested that cells that have previously 

suffered an acute episode of injury increase intracellular concentration o f bFGF
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(McNeil & Steinhardt, 1997). BFGF is a potent endothelial growth and replication- 

inducing factor, and in the context of chronic exercise training, the release of bFGF 

during repeated exercise bouts would aid in the simulation o f endothelial cell re

growth and increased cell turnover rates.

An increase in cell damage, such as was seen in the young trained subjects may 

play an important role in increasing cell turnover in trained subjects, since it has been 

shown that cell plasma wounding is a stim ulant for increased gene expression of 

bFGF with mechanical stress, in what has been termed the damage sensor hypothesis 

(Grembowicz et al., 1999). Coupled with an increase in other angiogenic factors such 

as VEGF and NO, proteins released from damaged cells may act on receptors on the 

damaged and nearby cells to increase cell proliferation and lead to an increase in cell 

turnover (see Figure 9.2).

To establish whether a similar effect is seen in an older population of athletes, 

CECs were counted in fit and unfit middle-aged subjects (Chapter 8). CECs were 

increased in older subjects, and a positive relationship was found between increasing 

age and increasing CEC levels. In an older population, increased CECs may reflect 

general endothelial damage due to oxidative stress or inflam m atory processes 

associated with ageing. Indeed, a significantly  h igher concentration o f the 

inflammatory cytokine IL-6 was found in both fit and unfit m iddle-aged subjects 

compared with young individuals. However, it must be remembered that no decline 

endothelial function, as assessed by reactive hyperaemia, was observed with ageing, 

thus the increase in CECs and IL-6 with ageing does not appear to affect normal 

metabolic dilator responses.

It was of note that CECs were not increased any further in the m iddle-aged 

trained population. This could suggest one o f two things; that there is a finite rate of 

endothelial turnover supportable without a loss of endothelial function, or that training 

in older subjects does not further increase endothelial turnover because the stimulus of 

shear stress is not transduced or acted upon in endothelium of older subjects. This 

could involve a decrease in density or sensitivity of flow sensors with ageing, or an 

impairment of the intracellular signalling that brings about responses to shear stress. 

Similarly, this could explain why training does not increase the vasodilator response 

to tissue ischaemia if vasodilator substances are not stimulated to be upregulated, and
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Figure 9.2 The damage sensor hypothesis. (Modified from Grembowicz et 

at., 1999), The damage sensor hypothesis suggests that damage to a cell is 

essential in up-regulating growth factors (bFGF). Coupled with other 

angiogenic factors known to be increased by chronic exercise (e.g. VEGF and 

NO), this may lead to an increase in endothelial cell turnover in response to cell 

damage.



also why acute exercise did not cause a sim ilar increase in vW F and TM in the 

middle-aged as in young fit subjects.

Previous work has suggested that raised CEC numbers are a marker of a loss of 

endothelial integrity, and CECs have thus been often measured to assess endothelial 

function in a number of diseases. Results from this thesis show for the first time that 

CECs can be raised by other factors such as training, acute exercise and also by 

ageing in humans. CECs also do not correlate with vasodilator capacity, resting blood 

flow or other markers of endothelial dam age, vW F and TM , in healthy subjects. 

Thus, increases in CECs do not necessarily indicate decreased endothelial structural 

integrity, and care should be taken when using CECs for such in a healthy population.

93  Conclusions

In conclusion, a marked variation in the responses of young and older subjects to 

acute exercise and exercise training has been highlighted by this work. Beneficial 

aspects of exercise such as sympathetic blunting and improvements in endothelium- 

dependent dilator function were not seen in a m iddle-aged population of trained 

subjects. However, training did appear to reduce peripheral sympathetic activity and 

improve vagal tone of heart rate.

Evidence from this thesis also suggests that endothelial turnover rates may be 

increased with training. This effect is dependent on absolute fitness levels, and may 

reflect structural changes within an endothelial cell in response to chronic exercise. 

Training-induced alterations in the endothelium were only seen in young athletes, and 

it appears that older endothelium does not respond to the shear stress stimulus in a 

similar manner. This may be due to a decreased sensitivity of flow sensors with 

ageing.

These results emphasise that training-induced adaptations in a young population 

will not necessarily be apparent in older or diseased individuals, and that further 

investigations are required in these populations to fully appreciate the effects of 

training in reducing cardiac events.
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APPENDIX I

M aterial Source

Accutrend cholesterol strips Roche Diagnostics
Adenosine di-phosphate (ADP) Boehringer Mannheim
Bovine serum albumin (BSA) Sigma
Citric acid May & Baker Ltd.
Cresyl violet DIFCO Laboratories
diaminobenzidine solution (DAB) Dako
di-ammonium nickel (II) sulphate (NAS) BDH  Laboratories
Donkey serum Sigma
DPX BDH  Laboratories
EDTA vacuettes Greiner Laboratories
Gelatine BDH Laboratories
Haemostasis Reference Plasma Biopol International
HEPES Sigma
HRP-linked donkey anti-rabbit Ig Amersham
Hydrogen peroxide (H 2 O 2 ) Sigma
IL - 6  ELISA kit Biosource Europe
KH 2 PO 4 Sigma
Methylene Blue DIFCO Laboratories
Na^COj Sigma
Na2 HP 0 4 Sigma
NaCl Sigma
NaHCOs BDH  Laboratories
ortho-phenylenediamine (OPD) Sigma
Paraformadehyde Sigma
Potassium Chloride (KCl) BDH Laboratories
Potassium/EDTA vacutainers BD  Vacutainer Systems
PreciosionGlide 0.8x38m m  needle BD  Vacutainer Systems
Rabbit anti-human von Willebrand factor Sigmas
Red dot monitoring electrodes 3M Health Care
Sterile lancets Omega Diagnostics
Sulphuric acid (H 2 SO 4 ) BDH  Laboratories
Thrombomodulin (CD 141) ELISA kit Diaclone Research
Triton X-100 Sigma
Tween-20 Sigma
von Willebrand Factor ELISA kit Kordia
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Suppliers A ddress

Amersham

BDH Laboratory Supplies 

ED Vacutainer Systems

Biopool International

Boehringer Mannheim 

Corning

Dako

Diaclone Research

DIFCO Laboratories 

Greiner Laboratories

Kordia

May & Baker Ltd.

Roche Diagnostics

Amersham International pic 
Lincoln Place,
Green End 
Aylesbury 
Buckinghamshire 
HP20 2TP, U.K.
BDH Laboratory Supplies 
Poole, BH15 1TD,U.K.
BD Vacutainer Systems 
Preanalytical Solutions 
Belliver Industrial Estate 
Plymouth PL6 7BP, U.K. 
Biopool International 
6025 Nicolle Street 
Ventura, CA 93003 
U.S.A.
D-68298 Mannheim 
Germany
Coming Costar Corpoation 
Corporate Headquaters 
One Alewife Cenre,
Cambridge,
MA 02140 U.S.A.
DK-2600 Glostrop,
Denmark.
Diaclone Research 
1, Bd A Fleming,
BP 1985,
25020 Besancon Cedex, France. 
DIFCO Laboratories 
West Molesey 
Surrey, U.K.
Greiner Labortechnik GmbH 
A-4550 Kremsmunster, 
Badhaller Str 32,
Austria.
Kordia Laboratory Supplies 
Kordia bv,
Oude Singel 158,
2312 RG Leiden, 
the Netherlands.
May & Baker Ltd.
Dagenham, U.K.
Roche Diagnostics Ltd
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Bell Lane,
BN7 ILG, Lewes, 
East Sussex, U.K.

Sigma Sigma Chemicals Ltd.
Fancy Road,
Poole,
Dorset, U.K.
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APPENDIX II 

U n i v e r s i t y  o f  D u b l i n

Department o f Physiology

M E D I C A L  E X A M I N A T I O N  F O R M

P e r s o n a l  D e t a i l s

Name e-mail

Date of Birth Telephone

Address Do you smoke?
If you do, how many do you smoke per day and 

fo r how long have you been smoking?

Do you perform regular exercise? Sport/ eg. o f weekly training schedule...

M e d i c a l  H i s t o r y

Have you ever had any of the following?
Yes No Yes No

Angina Heart Attack

Rheumatic Fever Irregular heart beat 
(Arrhythmia)

Heart Murmur Diabetes

Stroke Mini-Stroke
(TIA)

Epilepsy Asthma

Tuberculosis
(TB)

Cancer

Jaundice Arthritis

Anaemia Sporting Injury

A re  you  on any  
medicines?

Are you allergic to anything?
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S u r g i c a l  H i s t o r y

Have you ever had any operations? 
If yes, what did you have done and when?

Operation Year

W ere there any complications? 

S y s t e m s  R e v i e w

Do you suffer from any of the following?
Yes No Yes No

Headaches Sore Throat

Loss of Vision Abdominal Pain

L o s s  of power to the legs 
or arms

Constipation

N um bness or unusual 
feeling in legs or arms

Diarrhoea

Chest Pain Nausea

Shortness of Breath Vomiting

Palpitations U n u su a l B le e d in g  o r 
bruising

Cough K i d n e y  or  B l a d d e r  
problems

E x a m i n a t i o n  F i n d i n g s

Blood Pressure Pulse

Respiratory Cardiovascular

Other findings Choi Height W eight

ECG Signed Date
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APPENDIX III

Exclusion criteria for fitness testing;

History of angina or undiagnosed chest pain 

History of myocardial infarction (MI)

History of cardiac arrythmia

History of cerebro-vascular accident (CVA) ie. Stroke, transient ischaemic attack 

(TIA) or sub-arachnoid haemorrhage (SAH)

History of tuberculosis 

History of lung carcinoma

Poorly controlled epilepsy (>1 fit in previous 12 months)

Type I or Type II Diabetes Mellitus

Poorly controlled Asthma (>1 acute attack in previous 12 months)

Exercise induced Asthma 

Anaemia (Hb<x male or Hb<y female)

Arthritis of spine or lower limbs

Active sporting or other injury resulting in pain or limitation o f movement

Recent (last 6 months) surgical procedure

History of cardiovascular-related surgical complication

History of undiagnosed visual loss

History of undiagnosed loss of power or sensation to limbs or face

History of undiagnosed parasthesia

History of recurrent or persistent undiagnosed headache

History of undiagnosed dyspnoea

History of undiagnosed heart palpitations

Active infection of any site (including but not limited to respiratory, 

urinary and gastroinestinal tracts, ears and soft tissue)

Active cough 

Active sore throat 

Active abdominal pain

Active constipation, diarrhoea, nausea or vomiting 

Active abnormal bleeding 

Active urinary tract abnormality
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On examination subjects were excluded if any of the following abnormal signs 

were present;

Resting heart rate > 90 bpm

Irregular or abnormal pulse

Systolic blood pressure > 160 mmHg

Diastolic blood pressure > 90 mmHg

Any heart murmor (unless previously diagnosed as benign)

Added abnormal heart sounds 

Evidence of cardiomegally 

Evidence of heart failure 

Wheeze in any lung field 

Crepitations in any lung field 

Reduction in air entry to any lung field 

Evidence of infection

Any limitation or pain on movement of lower limbs or back
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APPENDIX IV

TRINITY COLLEGE DUBLIN 
Subject Information sheet and Consent Form

Research Topic: The effects of physical training on cardiovascular control

Chief Investigator; Saoirse O ’Sullivan, Department of Physiology, Trinity College

Background information:
It is know that physical training lowers resting blood pressure and that this 

effect is more pronounced in individuals with previously elevated blood pressures 
(high blood pressure), suggesting a valuable role of exercise as a non-pharmacological 
treatment for high blood pressure. This study will identify the effects of physical 
training on reflex cardiovascular control processes that are involved in normal 
regulation o f blood pressure. The aim is to obtain a better insight into how exercise 
can be used to treat high blood pressure.

Circulating endothelial cells isolated from whole blood have bee n identified 
in a number of cardiovascular diseases associated with impaired endothelial function 
such as myocardial infarction, angina, hypertension and with chronic smoking. 
Examination of endothelial cells therefore possibly provides a useful tool for direct 
assessm ent o f vascular endothelium in vivo. Exercise training is associated with 
improved endothelial function and increased NO expression. Part of this study is 
therefore to study the effects of training on levels of circulating endothelial cells, and 
before and after a short term training programm e. W e also hope to identify a 
relationship between levels of circulating endothelial cells and the blood flow 
responses to endothelium-dependent vasodilatation during reactive hyperaemia.

Participation in this study will involve the following;

a routine m edical exam ination to exclude subjects who w ould be 
recommended not to perform maximal exercise

a maximal fitness test (VOj^ax) test to establish your level o f fitness. This 
involves cycling on a stationary cycle ergometer at a constant pace, while the 
peddling resistance is increased every three minutes until you are unable to 
continue. During the test, you will breath into a mouth piece for analysis o f your 
oxygen consumption and will have several self-adhesive electrodes attached to 
your skin to monitor your ECG. A fitness test usually lasts 20 minutes. Before 
testing, a 9 ml sample of blood for analysis will be taken from your arm, by a 
registered medical practitioner or an approved phlebotom ist for detection of 
circulating endothelial cells.

One or two subsequent visits to the laboratory for testing -
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On each day, you will be seated quietly in a chair for about 45 in. Flexible 
rubber bands will be wrapped around one forearm and one finger and inflatable 
cloth-covered cuffd will be placed on the same arm, in order to monitor local 
blood flow. Heart rate and blood pressure will be measured periodically using a 
conventional inflatable cuff and a stethoscope. Four stimuli will be used to 
evoke standard cardiovascular reflexes. These are (i) maintained handgrip for as 
long as possible at 50% of your maximal voluntary force, (ii) simple mental 
arithmetic for 2 min, (iii) inflation of a cuff around one arm to prevent blood 
flow for 3 min, and (iv) placing one foot in iced water for 2 min. The first 
session will be arranged soon after your initial assessment visit; the second after 
a period of physical training if you are classified as unfit and agree to participate.

If you are classified as untrained on the basis of your initial work test and 
agree to participate in a training programme this will consist of a 5-6 week 
period of gentle physical training. The sessions will consist of 30 min cycling 
on a stationary cycle ergomter, at a moderate pace, three times a week.

The testing sessions will take place in the Department of Physiology between 9 am 
and 1 pm, on days and times to suit you. Training sessions will be arranged at any 
time, in the Departmentm to fit in with your daily schedule.

If you have any questions or concerns at any time, please contact the chief 
investigator, Saoirse O ’Sullivan (6081131) or Professor C Bell (6081076).

Declaration of Consent

I have read the above outline of the project, have had the experimental procedures 
explained to me and I agree to participate in the study. I understand that any personal 
information that may be collected will be subject to confidentiality. I also understand 
that my participation is entirely voluntary and that I may leave at any time without 
question.

Signed..........................................................................................Date.....................................
Address/contact info...............................................................................................................

Statement of investigator’s responsibility: I have explained the nature, purpose, 
procedures, benefits, risks of, or alternatives to, this research study. I have offered to 
answer any questions and have fully answered such questions. I believe that the 
participant understands my explanation and has freely given informed consent and I 
have witnesses the participant’s signing of this agreement.

Principal investigator..................................................................
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APPENDIX V

Subject Consent Form

Research Topic: The effects of a single exercise bout on the cardiovascular 
responses to stress

Researcher: Saoirse O’Sullivan, Department of Physiology, Trinity College 

Background information:
It has been previously established that both regular exercise training and a single 

bout of exercise decrease resting blood pressure. It has also been established that 
training blunts the cardiovascular responses to stress (O’Sullivan & Bell, 2000), but it 
is not clear how a single bout of exercise affects stress responses. We therefore aim 
to establish whether a single bout of exercise is beneficial in reducing stress 
responses, and how much exercise is required to have this effect.

Your involvement in this study will involve the following;
a routine medical examination to exclude subjects who would be 

recommended not to perform maximal exercise
a maximal fitness test (V02„,ax) test to establish your level of fitness. This 

involves cycling at a consistent pace, with the load on the bike being increased 
every three minutes until you are unable to continue. A fitness test usually lasts 20- 
25 minutes.

3 subsequent visits to the laboratory undertaking cycling for either 2, 10 or 
20 min OR at three different exercise intensities. These exercise sessions will be 
preceded and followed 3 stress test; a sustained handgrip to fatigue, 2 min of 
mental arithmetic and immersion of the right foot in cold water. Non-invasive 
cardiovascular parameters will be measured continuously throughout each test.

Declaration of Consent

I have read the above outline of the project, have had the experimental 
procedures explained to me and I agree to participate in the study. I understand that 
any personal information that may be collected will be subject to confidentiality. I 
also understand that my participation is entirely voluntary and that I may leave at any 
time without question

Signed...........................................................................................Date....................................
Address/contact info................................................................................................................
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APPENDIX VI

Subject Consent Form

Research Topic: The effects of training on plasma markers for blood vessel 
function.

Researcher: Saoirse O’Sullivan, Dept, of Physiology, Trinity College. 

Background information:
We have previously established that training enhances the function of the 
inside of blood vessels, and that this may be of benefit in combating 
cardiovascular diseases, such as stiffening of the arteries and blood clot 
formations. The aim of this study to examine the effects of training on various 
plasma markers which are thought to be released from the inside of blood 
vessels.

Your involvement in this study will involve the following;
• A routine medical examination to exclude subjects who would be 

recommended not to perform maximal exercise
• During the medical, 12 mis of blood will be taken for analysis and will 

be stored anonymously
• A maximal fitness test (V02max) test will be carried out to establish your 

level of fitness. This involves cycling at a consistent pace, with the load 
on the bike being increased every three minutes until you are unable to 
continue. A fitness test usually lasts 20-25 minutes.

After the fitness test, a second 12 ml blood sample will be taken 
The total length of time involved should be around one hour.

Declaration of Consent

I have read the above outline of the project, have had the experimental procedures 
explained to me and I agree to participate in the study. I understand that any personal 
information that may be collected will be subject to confidentiality. I also understand 
that my participation is entirely voluntary and that I may leave at any time without 
question

Signed....................................................................Date....................................
Address/contact info.........................................................................................
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APPENDIX VII

Subject Consent Form

Research Topic: The effects of ageing and training on stress reactivity and plasma 
markers for blood vessel function.

Researcher: Saoirse O ’Sullivan, Department of Physiology, Trinity College 

Background information:
We have previously established that training in a younger population decreases stress 
responses in exercise-related and unrelated situations. Training was also found to 
enhance the function of blood vessels. Both of these effects could be brought about 
by a short-term training programme in a previously unfit population. Stress reactivity 
and blood vessel function are two major determinants of cardiac health. The aim of 
the present study is to examine the effects of ageing on stress reactivity and blood 
vessel function and to assess whether the positive effects of training are evident in an 
older population of athletes.

Your involvement in this study will involve the following;
• A routine medical examination to exclude subjects who would be 

recommended not to perform maximal exercise
• During the medical, 15 mis of blood will be taken for analysis and will be 

stored anonymously
• A maximal fitness test (V02„,aJ test will be carried out to establish your level 

of fitness. This involves cycling at a consistent pace, with the load on the bike 
being increased every three minutes until you are unable to continue. A fitness 
test usually lasts 20-25 minutes.

After the fitness test, a 12 ml blood sample will be taken

On a second day, your responses to four tests will be measured. These tests include a 
sustained handgrip to fatigue, 2 min of mental arithmetic and immersion of the right 
foot in cold water for 1 min. The final test involves blocking the blood flow to your 
arm for 3 min (which causes pins and needles) and measuring how well your blood 
vessels dilate when blood flow is re-established. Non-invasive cardiovascular 
parameters will be measured continuously throughout each test.

Declaration of Consent

I have read the above outline of the project, have had the experimental procedures 
explained to me and I agree to participate in the study. I understand that any personal 
information that may be collected will be subject to confidentiality. I also understand 
that my participation is entirely voluntary and that I may leave at any time without 
question

Signed.................................................................... Date.....................................
Address/contact info..........................................................................................
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APPENDIX VIII
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Screen-shot of MacLab data aquistition system. An ECG was recorded on 

channel one, and the QRS complexes used to trigger the rate meter shown on channel 

five. Blood pressure measurements from the Colin applanation tonometery system 

were recorded on channel 2. Changes in impedance were recorded on channel 3, and 

channel 4 recorded changes in forearm circumference as detected by the strain gauge.
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APPENDIX IX

ECG, im pedance cardiography and blood pressure. The impedance wave (cardiac 
ejection) begins after the QRS complex and ends before the end of the T wave. 
Systolic blood pressure peaks after the impedance wave, and diastolic pressure is 
taken as the lowest pressure before the next cardiac ejection.

dZ/d

time

Calculation o f stroke volume by the Kubicek equation. Time (t, s) is taken from 

the start o f the impedance wave following the QRS com plex. DZ/dt is taken as the 

difference in amplitude from the start to the peak o f the impedance wave.
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APPENDIX X

Post-occlusionResting

Forearm blood flow was calculated using the slope of the trace obtained during 

venous occlusion, avoiding cuff artefacts.

sustained handgrip

2 :4 0  13112:202:00

Venous occlusion plethysm ography taken from an unfit subject perform ing 

sustained handgrip. This trace shows that motion artefacts were not observed in the 

contralateral arm during the sustained handgrip, therefore unintended contraction of 

the contralateral can not account for the increase in blood flow seen during this test.
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