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,ABSTRACT 

3lr1n~ feedfonvasd an6 feedback mechanisms have been proposed to account for the 

venri!titor> respome to essrcise. illetabolic end-products, including elevated hydrogen ion 

f1li). pot:issiur,. ion (IS"), and catecholamine concentration, and an increase in core 

remperature iTc), are major modu!ating factors related to exercise hypsrpnea. However, 

none of the~e potential mediators can account for the esercise-induced ventilatory response. 

4mmortia. which crosses the blood-brair, barrier as MI3, was investigated in this study as 

;r pctei;tia! mediator of exercise hyperpnea. 

The relationship of ammonia to exercise hyperpnea was explored during two series 

of physical exercise: prolonged constant work rate exercise, and ramp incremental exercise 

to exhausrion. in either 2 noLnr,al glycogen, or glycogen depleted state. In the glycogen 

deplered subject, VE was significantly greater during intense, but less than maximal ramp 

exercise compxed with the control condition, although maximum VE was not significantly 

different. Prolonged exercise at 50% WRhIAx in the control state resulted in an upward 

drift in VE . ' J E  was also significantly greater during prolonged exercise in the glycogen 

depleted subject compared with the control condition. In both ramp and prolonged exercise 

protocols, the relative hyperventilation resulted from an increase in breathing frequency. 

VT& . reflecting ventiiatory drive, was also significantly greater at high work rates during 

exercise in the glycogen depleted state compared with the control condition. 

Increased sensitivity iin the ventilatory system was suggested by a shift in the Euler 

plot t VT-T, -TE diagram) in both r m p  and prolonged exercise in glycogen depleted, 

campx-ed with control conditions. During ramp exercise, any given mean inspiraiory or 

expiratory flow rate (VTif!, or VT&, 1.min-I) was achieved by a smaller VT and a shorter TI 

or TE in glycogen depleted subjects. In contrast, only mean expiratory flow rate was 

increased during protongcd exercise in glycogen depleted st~bjects compared with their 

control. 



111 both r:mp and proionpi exercise, rile partern of VE could be explained, in part, 

by the observed change in [MI;]. Hawever, the contribt~tion of [K+], pH, fh'E], and Tc 

to ventilatory drive during exercise was also recognized. pH was not a major contributor to 

ventilzdon throughout pro!ongr=d exercise in either control or glycogen depleted subjects, or 

during ramp exercise i n  glycogen depleted subjects. Maintained hyperpnea, in the absence 

of aciciosis, supports the theory of redundancy of ventilatory control during exercise. 

Although ammonia, was a potential ventilatory stimulant during exercise in humans, 

the contribution of other mediators of ventilaiion could not be discounted entirely. In the 

glycogen depleted subject, the contribution of acidosis 2s a primary stimulant of ventilation 

was reduced, yet hyperpnea was Fresent during exercise. There must, therefore. be 

redundancy in the organization of respkatory control, It is conceivable that hW3, which is 

both (i) neuroactive and (ii) contributes to central neurotransmitter metabolism, may 

potentiate an increased sensitivity of zhe ventilatory response to exercise. 
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A iiving organism cannot be correctly studied piece by piece scparateiy: as the parts 

of a machine being deduced syntheticaliy from the separate study of each of the 

parts. A living organism is constantly showing itself to be a self-maintaining 

whole, and each part must therefore be behaving as a part of such a self-maintaining 

whole. 

J. S. Haldane (1922) 

Respiratim (Oxford; University Press) 
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"Muscular exercise is h e  cause of the greatest increase in rate of energy metabolism and 
gas exchange of the body; that breathing must therefore increase during exercise is 
obvious". @ejours, 1964 ). 

Ideally, the ventilatory response to exercise is appropriate and sufficient to maintain arterial 

blood gas and pH homeostasis. However, if the response is inadequate, respiratory 

acidosis would develop as a result of the increased metabolic rate and COz production. 

Conversely, excessive ventilation would produce respiratory alkalosis, characterized by a 

fall in PETC@, PaC02, and an increase in pH of the blood. 

Many theories have been proposed to account for the change in pulmonary 

ventilation accompanying physical exercise, which involve feedforward or feedback 

stimuli. Feedfoiward mechanisms of respiratory stimulation include peripheral neurogenic 

stimulation by afferent information from peripheral motion or tension receptors, central 

neurogenic stimulation from cortical or hypothalamic irradiation to the respiratory centre, 

cardiodynamic and hemodynamic effects, metabolic rare reflected by GCO* or Go2, and 

blood gas oscillations. Feedback mechanisms proposed to stimulate ventilation include 

arkrial. blood gas (PaOz and PaC02), and hydrogen ion concentration (m+] j, as well as 

other modulating factors, for example, core temperature, plasma potassium ion and 

catecholamine concentration @empsey et al., 1984; Cunningham et ai., 1986; Wassaman 

er al., 1986). In addition, the existence of a yet-to-be identified humoral ventilatory 

mediator released in the venous effluent from exercising skeletal muscle has previously 

been postulated (Henderson, 1938; Asmussen and Nielsen, 195% Dejours, 1964; Torelli 

and D'Angelo, 1967; Eevine, 1978). Feedforward and feedback factors combine to give 

the net stimulus to ventilation during exercise. 

The relative importance of each of these factors depends, to a certain extent, on the 

phase of exercise. Some appear to stimulate ventilation at the immediate onset of exercise, 

whereas others are effective at a higher exercise intensity, or longer duration. At the onset 



of exercise, there is an abrupt increase in ventilation which occurs too rapidly to be 

explained by a change in the chemical constituents of the blood. It is likely that this 

increase is mediaxed by descending input from the motor cortex and the hypothalamus to 

the respiratory centre of the central nervous system (CNS), and by input from peripheral 

receptors in joints and muscles which provide information on movement which 

accompznies muscular contraction (Latnbertson, 1974). In addition, the phase I ventilatory 

response is thought to be coupled to the concomitant increase in cardiac output and blood 

flow to the lungs at the onset of exercise (?Vasseman et al., 1974). 

In healthy individuals, both moderate intensity, constant rate exercise and low work 

rate ramp incremental exercise produce an increase in pulmonary ventilation which 

maintains Pa&, PaC%, and [H'Ja close to resting values. After the initial abrupt increase 

in ventilation, feedback predominantly fi-om peripheral chemoreceptors monitoring P a c e ,  

Pa@, and arterial pH seems to regulate ventilation adequately to maintain arterial blood gas 

and pH homeostasis. 

There is obvious redundancy in the control system, in that more than one 

mechanism may sense the same stimulus. In the absence of one (eg. carotid bodies) a 

normal steady-state response may be observed, bur there may be subtle changes in the 

d,vnarnic response (eg. change in ventilatory kinetics) (Wasseman et al., 1986). 

Wasserman et a]., f 1986) stated: 

"that the control mechanism that increases ventilation in response to exercise is 
normally almost ideal, because it responds promptly to the increased gas-exchange rates 
to maintain PaC02, pHa, and PaOz homeostasis during moderate exercise and 
respmds more rapidly during heavy exercise to adjust to the added m+] stress " 

This cannot be accepted without qualification, in relation to the control of ventilation in 

prolonged exercise, or during intense exercise in glycogen depleted subjects. When 

exercise is prolonged, there is an alteration in breathing pattern which results in a steady 

upward drift in pulmonary ventilation (Costill, 1970; Dempsey et al., 1977; Wasserman, 

1978; Martin et al., 1981; Hanson et al., 1982)- Similarly, as the intensity increases in 



ramp hcremental exercise, the ventilatory respoiise increases proportionally mere ihan VOz 

(Wasserman and McIlroy, 1964; Wasserman er al., 1973). Exercise in glycogen depleted 

human subjects also results in a higher ventilation at equivalent work rates, in spite of an 

absence of acidosis (Green et al., 1979; Segal and Brooks, 1979; Jansson, 1980; Hughes 

et al., 1982; Heigenhauser, 1983). In each instance, an accelerated metabolic demand, 

accumulation of metabolic end products, increased body temperature and circulating 

catecholamines all appear to contribute to stimulation of ventilation. However, 

individually, none of these potential mediators can account for every aspect of the exercise- 

induced ventilatory response. A question which remains to be answered is what additional 

factor(s) stimulate exercise hyperpnea. 

The possible identification of ammonia as "an unknown substance" released in the 

venous effluent from muscle during exercise which may stimulate & is explored in this 

thesis. Although it is widely accepted that acidosis is the predominant stimulus of exercise 

hyperpnea, at least during intense exercise, there is now sufficient contradictory evidence to 

suggest that this interpretation is too simplistic. Exercise hyperpnea has been dissociated 

from acidosis in several instances (Davis and Gass, 1981; Hagberg et a/., 1982; Hughes et 

al., 1982; Farrell and Ivy, 1987), and it is apparent that acidosis is not the major 

camibuting stimulus to the relative hyperventilation observed during prolonged exercise 

(Costill, 1970; Dempsey et a1 , 1977; TWassexman, 1978; Martin et al., 198 1; Hanson et al., 

1982). In this study, the relationship of ammonia to exercise hyperpnea is explored during 

the period of excessive ventilation resulting from a p,.olonged constant work rzte exercise, 

and ramp incremental exercise to exhaustion. 

Ammonia is a normltl product of metabolism, produced in large amounts in skeletal 

muscle during exercise. Ammonia, which is present in the plasma at a very low 

concentration at rest, is released into the venous effluent predominantly from active skeletal 

muscle during both acute exhaustive exercise, and continuous exercise of moderate 

intensity (Babij et al., 1983; Banister er al., 1983; Buono et nl., 1984; Dudley cr al., 1983; 
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Eniscon et a],, 1985; Graham et al., 7987: Katz et af., 1986). Thus  the blood may be 

viewed as a vehicle for ammonia transport, giving it access to every organ in the body 

through normal perfusion. 

Ammonia has often been correlated with an observed increase in ventilation in the 

absence of hypercapnia both in animals and in  man (Roberts et dl., 1956; Hindfeldt and 

Siesjo, 1971; Wichser and Kazemi, 1974; Herrera, 1980 ), although to date, it has not been 

investigated as a respiratory stimulant during exercise. 

REVIEW OF RELATED LITERATURE 

REGULATION OF BREATHING 

Ventilation is the result of a carefully synchronized patten of inspiration and 

expiration. In the central nervous system, ventiiation is controlled by clusters of neurons in 

the lower brainstem. The central respiratory centre consists primarily of the ventral 

respiratory group (VRG) and the dorsal respiratory group (DRG) in the medulla, and the 

nucleus parabrachialis medialis - Kolfiker Fuse complex (pneumotaxic centre) in the rostral 

and lateral pons @uler et a!., 1973; Cohen, 1979; Long and Duffin, 1984). The central 

respiratory centre processes afferent information received from chemoreceptors, 

baroreceptors, lung stretch receptors, and receptors in muscles and joints, and sends output 

to the spinal motorneurons which regulate. respiratory muscle activity (Lambemon, 1974). 

The DRG consists of about 95% inspiratory neurons, whereas in the VRG, about 

one third of the respiratory related units are expiratory neurons Xwpchen et a]., 1979). 

Almost dl of the DRG inspiratory neurons project to the spinal cord, but a large number of 

the VXG do not have spinai coru connections. A distinct subgoup from the DRG, termed 

inspiratory alpha neurons, project mostly to the phrenic motorneurons, whereas the 

inspiratory beta neurons, which are excited by inflation, project mostly to the external 
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intercostal motorneurons. Inspiratory beta neurons have also keen identified as inhibitory 

intern~,urons during inspiratory-to-exphtory phase switching (Cohen md Feldman, 1877; 

Long and Duffin, 1984)- The VRG has both afferent and efferent connections to the 

pneumotaxic centre. The pneumotaxic centre appears to switch off, or inhibit inspiration, 

and thus regulate ins~iratory volume and respiratory rate (Lambertson, 1974). 

Separate input to the respiratory motorneurons originates from the pyramidal and 

extrapyramidal systems. At the spinal fevei, different afferent, efferent, and internewon 

inputs interact to produce the find efferent output to respiratory muscles (Euler, 1983). 

Because of the reciprocal inhibitory interconnections between inspiratory and expiratory 

areas of both the medul1zs-y respira~ory cenues and between spinal motorneurons 

controlling respiratory muscle acrivity, neuronal discharge rhe inspiratory area leads to 

inhibition of expiration (Zambertson, 1974). 

ANALYSIS OF BREATH~NG PATTERNS D U R ~ G  EXERCISE 

The output of the respiratory system may be analyzed in terns of pulmonary 

ventilation (GE) and its rwo traditional components, tidal volume (VT) and ventilatory 

frequency 0, as well as derived components of ventilation proposed by Milic-Emili and 

Grunstein (1976), inspiratory drive (VT-~) and impiratory timing (TI/TToT). These 

relationships are described as: 

VE = VT f 

VE = VT& * TJT,,. 

The advantage of analyzing ventilation by the second equation is that the term VT& 

reflects the mean inspiratury flow rare, and is closely related to central inspiratory activity 

(CW), a1 least in normal humans; and ihe other (TI/TTm) reflects respiratory 'timing'. 



H U M O R A L  FACTORS A SSOCIATED WITH T H E  STIMULATION OF 
VENTEL ATION 

Sever& humoral f2ctcrs are known to affect ventilation, at least at rest Although 

the purpose of the study was to assess the specific relationship between ammonia and the 

ventilatory response to exercise in humans, it was essentid to monitor other confounding 

factors which might also con~bt l te  substantidy to exercise-induced hyperpea. 

HYDROGEN ION CONCEKTRATIO& 

The most cormnor, humoral srimuius attributed as a primary stimulus to exercise 

hperpnea is an eleva~cd hydrogen ion concentration, (fH-1). (Grodins, 1950; Dejours, 

1964; Holmgren &id McIlroy, 1963; Coinroe, 1965; U7asserrnan, et al., 1967; 

Wasserman,et al., 1973; Kuyal,er at., 1976; IVasserman, 1976; Whipp, 1977; Whipp and 

Davis, 1979; Beaver, 1986a: Casaburi,et al., 1987). Sensitivity of the peripheral 

chernoreceptors to circulating fH'j was demonstrated in artificially perfused tissue 

prepararions by Joels and Keil f l96O), and Gray (1968), who observed an increase in 

chemoreceptor discharge in response to demcased pH. 

METABOLIC ACIDOSIS, LACTATE, AND ASSOCIATED THRESHOLDS 

Because of the stoichiomeo;ic relationship between IH+] and lactate production in 

skeletal muscle, exercise-induced merabolic acidosis is frequently related to increased 

kciate concenmtion, in spite of evidence that a significant [H'j increase during exercise 

more TiceIy results from ATP hydrolysis (George and Ruman, 1960; Gevers, 1977; Zilva, 

1918: Mxsi and C;lthbes, 3982; Httchacfika a ~ d  Momsen,  1983). Regardless of the 

source of fHfl, considerable evidence sapports its role as a stimulus to exercise h,vperpnea. 

First, mi-] is a known stirnuius to ventiiation at rest (Comroe, i965j and its concentration 

is i~crezsed i~ heavy pmionged exercise. Secondly: because of the close temporal 

association bemeen the venrikitory rhrsshold WT) and a lactate (LT) or anaerobic threshold 

(AT) it has k e n  hypotfiesized frequently that lcetabolic acidosis is responsible for the 
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dispropordonate increase in GE at heavy work rates (Wasserman and McIlroy, 1964; 

Wassennan,et al., 1973; Whipp, 1977; Sutton and Jones, 1979; Wasserman, et al., 

1986). Thirdly, Casaburi et al., (1987j reported that the reduced ventilatory response to an 

absolute metabolic demand, following endurance training, might be accounted for primarily 

by a reduced arterial acidosis, or decreased blood lactate concentration. However, in the 

latter study, the possibility that other metabolic changes induced by training could 

contribute to the reduced ventiiatory response to exercise was not considered. A find 

observation supporting the role of lHff as a ventilatory stimulant during exercise is that 

asthmatic individuals with carotid body resection (causing elimination of peripheral 

sensitivity to @*I), do not exhibit a hxy-perventilatory response to heavy exercise, although 

their ventilatory response :o moderate steady state exercise was Sescribed as normal 

(Wassennan, et al., 1975aj. Even with carotid bodies intact, however, this patient 

population is unable to increase pulmonary ventilation to match demand during exercise. 

This must confound the interpretation of the data of Wasserman et aE., 1975a. 

The concept that acidosis is responsible for exercise hyperpnea is controversial, and 

has been the subject of several recent reviews (Dempsey, et al., 1985: Wdsh and Banister, 

1988)- The contrary arguments are thar. 

i) the VT may be dissociated fiom the AT; 

ii) exercise hyperpnea has been observed concomitant with a reduction or complete 

absence of a change in m+]; and 

E) low ventilation has been observed d-ilring exercise, in the presence of acidosis. 

Dissociation of the VT from the AT has been shown in a variety of exercise 

protocols. Davis a d  Gass (1981) demonstrated that when NO successive exercise 

In the initial trial, venous lactate increased curvilinearly. During the second exercise trial, 

b l d  lactate concenmdon was decreasing at the point at which VT was identified. From 
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21 W ~ I S  was these data, Davis and Gass (I981 j concluded rhat some factor other than a 'dnc- 

responsible for an increased ventilation at the VT. Farre1 and Ivy (1987) confinned these 

results in a study in which exercise was performed from rest, or immediately following 

intense interval exercise. VT occurred at a similar work rate and V02, whether venous 

blood lactate or [H+] was high or low. They concluded that a change in blood lactate or 

[Hi] could not mediate the nonlinear increase in VE observed during incremental exercise, 

and suggested that the increase in ;E/GC@ corresponded with the metabolic rate of active 

muscdame. 

Hughes, et al. (1982) reported an uncoupling between the VT and AT during 

exercise with reduced muscle glycogen stores. They observed that VT and AT could be 

manipulated independently by v q i n g  pedalling frequency or the state of muscle glycogen 

depletion during cycle ergometer exercise. Increased pedalling frequency shifted the AT to 

a relatively lower work rate, whereas glycogen depletion elicited a shift in VT to a lower, 

and AT to a higher work rate relative to a normal glycogen trial. 

Neary, et al. (1985) also concluded that an increased blood lactate was not 

responsible for the 'breakaway' ventilation during incremental exercise in humans. In their 

study of one-legged cycle ergometry to exhaustion, the group mean VOz at VT was 

unchanged in glycogen depleted subjects despite a lower exercise blood lactate 

concentration compared with a control condition, indicaring that factors other than lactate 

must be responsible for the non-linear increase in ventilation. 

Recently, McLellan and Gass (1989b) have challenged the dissociation of VT and 

LT by manipulation of exercise protocols. Their data show that LT and VT are unaffected 

by glycogen depletion prior to exercise, and in fact occur at a similar VOz. 

Exercise hyperventilation has also been observed in association with a complete 

absence of m+] increase (Hagberg, et al., 1982), providing further support that acidosis 

may not be a primary drive to ventilation. McArdle's patients demonstrate a normal 

hyperventilatory response during incremental exercise in the absence of an increase in 
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plasma fHff. These patients lack muscle phosphorylase and are unable to produce lactate 

during exercise. However it has been suggested that the ventilatcry change noted in these 

studies could be a result of exercise-induced pain, a common symptom experienced during 

exercise by McArdle's syndrome patients (Whipp and Mahler, 1983). Individuals with 

McArdle's syndrome also hyperventilate at very light work rates, suggesting that other 

factors may be involved in their ventilatory drive. Overall, this patient population may not 

be an appropriate model to compare with healthy individuals. I: is interesting that 

McArdle's patients also exhibit a normal slow component in their recovery ventilation after 

high intensity exercise (Hagberg, et al., 1990). This portion of recovay ventilation is 

usually attributed to a "lactacid mechanism" (Mugaria, et al., 1933) which of course is not 

possible in these patients. 

A hyperventilatory response to exercise has been observed in glycogen depleted, 

but otherwise normal subjects despite a less than normal degree of metabolic acidosis and 

concomitant low blood lactate concentration (3ansson, 1980; Hughes, et al., 1982; 

Heigenhauser, er al., 1983). 

The blunted chemosensitivity, in response to booth hypoxic and hypercapnic stimuli 

at rest, in endurance athletes (Martin, 1978; Schoene, 1982) and a reduced hyperventilatory 

response to intense exercise in well trained athletes, even in the presence of metabolic 

acidosis (Dempsey, 1984), provides additional evidence against acidosis as a primary 

ventilatory drive. 

CARBON DIOXIDE DELIVERY TO THE LUNG 

When there is a rise in merial Pcoz due to increased tissue metabolism, ventilation 

is stimulated. With an increase in the raie of pulmonary excretion of C02, arterial PC02 

returns to normal, and the ventilatory stimulus decreases. (For a complete review of the 

integration of the respiratory response to changes in alveolar partial pressures of COz,Oz, 

and in arterial pH, see Cunningham, et al., 1986). During exercise of moderate intensity, 
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however, PaC02 does not increase systematically {Asmussen and Nielsen, 1958; 

Holrngren and McIlroy, 1964; Hansen, et al., 1967; Whipp and Wasserman, 1969; Jones, 

1975). It has been suggested, instead, that during exercise an increase in C02 flux to the 

lung from a stimulated metabolism may be the initial and continuing signal to the ventilatory 

control centre to increase VE in proportion to the change in C02 flux. An increase in the 

rate of carbon dioxide delivery to the lungs during muscular exercise results in an increase 

in alveolar ventilation (Cornroe, 1965; Wasseman, et al., 1967). Yamamoto and Edwards 

(1960) and Wasseman et al., (1974, 197513) suggested that C02 flow to the lung, without 

an increment in mean arterial PC@, was responsible for the increased exercise-induced 

ventilation. Wasserman et al., (1974) assessed the influence of increased cardiac output, 

resulting from either isoproteronol infusion or cardiac pacing, upon ventilation. It was 

concluded that an increased & accompanying an increased cardiac output resulted directly 

from an increased carbon dioxide flux. 

McLeIlan and Gass (1989a) concluded that increased CQ2 flow to the lung was 

responsible for a higher absolute ventilation during exercise at the AT in a group of trained 

cyclists compared to conuol subjects. In spite of the fact that the AT exercise represented a 

higher absolute or relative Go2 for cyclists compared with controls, the group mean 

ventilatory equivalent for carbon dioxide production (;J&co~) was similar in cyclists to 

the response for low AT subjects. 

Not all studies support the theory that an increased C02 flux constitutes the humoral 

stimulus to ventilation. By comparing airway and venous C02 loading, Lamb (1966) and 

Lewis (1972) concluded, independently, that an unavoidable increment in mean arterial 

PC@ could account for an increased GE induced by venous COz loading. 

Heigenhauser, et a€., (l983j aiso investigated the ventilatory effect of C 0 2  flow io 

ttte &I humans &~-hg exercise in glycogen depleted subjects. Since glycogen depletion 

results in a shift towards increased fatty acid utilization by muscle, and therefore a 

reduction in k o z  and C 0 2  flux to the lung, i t  was hypothesized that a decrease in GE 
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would result, if COX flux is an important ventilatory stimulant. Contrary to expectation, VE 

increased during exercise in glycogen depleted subjects despite a similar V C O ~  production, 

compared with equivalent work in normal glycogen subjects. Increased & during exercise 

in glycogen depleted subjects could not k amibuted to humoral factors known to stimulate 

GE, i.e.,,elevated PaC02, or reduced Pa02 or pH,. During exercise , glycogen depleted 

subjects had a higher \;E/tCo2 ratio, lower end-tidal and mixed-venous C02 partial 

pressures, and higher blood pH than in the control studies. In addition, a change in C02 

flux to the lungs could not explain the higher VE accompanying exercise in glycogen 

depleted subjects, suggesting that other factors modulate irE under these experimental 

conditions. Jansson (1980) reported similar findings in glycogen depleted subjects. 

Heigenhauser, et al., (1983) pioposed a "neurogenic" mechanism to account for both the 

higher HR and higher cE observed during exercise in a glycogen depleted state compared 

with control. This does not discount the possibility that another humoral agent was 

responsible for these effects. 

CATECHOLAMINES 

During exercise, an increase in plasma concentration of FILE and E as a result of 

activation of the syrnpathoadrend system is important for regulation of both the circulation 

and general metabolism, The combined action of the sympathetic nervous system and 

circulating catecholamines during exercise contributes to the inotropic (Sonnenblick, 1962, 

1965, 1969) and chronotropic (West, er al., 1956) response of the heart, the distribution of 

blood flow to working muscle (Rowell, 1974; Rowell, 1986), and the mobilization of 

glycogen (Gollnick, et al., 1970; Galbo, 1983) and lipid (Gollnick,et al., 1970; Hales, et 

GI., 1978; Galbo, 1983) as Pie! substrates for exercise. 

The increased concentration sf catecholamines in plasma during exercise has been 

related to the type, intensiry and duration of exercise (Galbo, 1983). A recent review on 

catecholamines and exercise observed that the ratio of plasma h%:E in human subjects is 
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generally thee to four at rest; and that during incremental exercise to exhaustion, the ratio 

is not altered (Mazzeo, 1991). It was suggested that a change in the ratio of NE:E might 

indicate a change in the proportion of catecholamines reledsed from the sympathetic 

nervous system and adrenal glands during exercise. Other studies have shown either a 

decrease, or an increase in the ratio of plasma h%:E in response to an exercise stimulus in 

humans. The ratio of plasma NE:E has been shown to decrease during prolonged steady 

state exercise, (Hmley, et al., 1972; Galbo, et a!., 1975; Christensen, et al., 1979), 

particularly in response to a carbohydrate poor diet to deplete muscle glycogen (Galbo, et 

al., 1979). However, Jansson,et al., (1982) reported an increase in the N E E  ratio during 

prolonged exercise, and a difference in the time course of the increase in NE and E in 

response to the exercise stimulus. In the Jansson study, plasma E concentration increased 

only during the first 5 minures of exercise at 65% VO2,,,, whereas a continuous 

progressive increase in plasma Tux was observed throughout 25 minutes of the constant 

work rate protocol. Schtvarz and Kindermann (1990) also reported an increase in the h%:E 

ratio in response to an exhaustive incremental exercise test in which NE increased 7-fold, 

and E increased 5-fold, from their respective resting concentration. 

CATECHOLAMINES AND VENTILATION 

Circulating catecholamines have been linked to the mediation of exercise hyperpnea. 

The earliest report of the action of cztecholamines on respiration was by Oliver and Schafer 

(1895) who observed a depression in respiration in dogs and rabbits following intravenous 

injection of extracts of the suprarenal capsule (Oliver and Schafer, 1895 , cited in Joels and 

White, 1968). The ~eduction in ventilation produced by a large dose of catecholamines was 

later considered to be a reflex resgonsc to a concomitant rise in arterid pressure, mediated 

by impulses in the aomc and carotid baroreceprors through the vagus and carotid sinus 

nerves (Wright, 1930; Langdren and Neil, 1951). Similar experiments using smaller, 

more controlled doses of catecholamines produced an increase in ventilation in 
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anaesthetized cats and dogs (Nice,er al., 1914). In man, intravenous infusion of small 

doses of either epinephrine or norepinephrine produces a transient stimulation of ventilation 

(Whelan and Young, 1953; Cunninghamet ai., 1963; Joels and White, 1968). 

The increase in ventilation obsemed in response to small doses of catecholamines 

has been attributed to a central mechanism (Nice@ al., 19141, to a general stimulation of 

metabolism (Boothby and Sandiford, 1923 ), or mediated by arterial chemoreceptors 

(Joels and White, 1968). Part of the stimulation of the peripheral chemoreceptors by 

catecholamines may also result from vasoconstriction of the extensive vasculature of the 

chemoreceptors, inducing local hypoxia (Llados and Zapata, 1978). An earlier study, 

which reported that the lower threshold of the hypoxic ventilatory response was not 

changed by noradrenaline infusion in humans, suggests that the circulation to the peripheral 

chemoreceptors was not affected (Cunningharn,et al., 1963). Joels and White (1968) 

showed that intravenous infusions of epinephrine arid norepinephrine increased the minute 

ventilation in anaesthetized cats breathing room air, and also increased the respiratory 

responses of anesthetized animals to hypctxia and hypercapnia. The increase in ventilation 

in the latter study was accompanied by an increase in carotid body chemoreceptor 

discharge, but was abolished by bilzteral sectioning of the carotid sinus nerves. 

Elevated body temperature may also contribute as a ventilatory stimulant both at rest 

and during exercise. Hales et al., (1970) demonstrated in cross-perfused dogs that a 

comparable change in rectal temperature similar to that expected during severe exercise (i.e. 

2-3 "C), but produced solely by external heating, was associated with a large increase in VE 

from 6 to 52 lmin-'. In humans, at a constant GE, increased core temperature (T, ) 

produced Q&er by exercise or passive heating alters breathing partem by decreasing tidal 

volume (VT), and increasing frequency of breathing 0, (Martin,et al., 1979). This 

decrease in V, is associated with a shortened inspiratory time (TI), although the drive 
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(VT/TI) and timing (TI/rToT) components of ventilation are unchanged by elevation of body 

temperature. 

TEMPERATURE-~~EDIATED STIMULATION OF VENTILATION 

Temperature may mediate its effect on ventilation by one of several mechanisms. 

An early investigation of the invohement of the carotid chemoreceptors in respiratory 

control reported an increased sensitivity of the carotid chemoreceptors at elevated 

temperatures, in dogs with vascularly isolated carotid bodies. Mnute ventilation was 

increased when carotid body temperature was increased above normal body temperature by 

a warin perfusate, and conversely it decreased when carotid body temperature was below 

nonnd (Bernthal and Weeks, 1939). Eyzaguine and Lewin (1961) provided furt'ler 

evidence of peripheral chernoreceptor sensitivity. They observed ihat isolated carotid 

bodies in vino increased the frequency of their discharge in response to an increase in the 

temperature of the bathing medium above 37•‹C. However, a slowing of the response was 

observed, within 3-5 minutes at temperatures greater than 37•‹C (Eyzaguirre and Lewin, 

1961), suggesting that the increased sensitivity of the peripheral chemoreceptors to elevated 

temperature shows adaptation. Later, McQueen and Eyzaguirre (1974) suggested that the 

temperature effect on the sensitivity of peripheral chemoreceptors could be mediated 

indirectly by a temperature-dependant change in enzyme activity, altered blood gas tensions 

and pH, blood viscosity, and blood flow through the region. Cunningham and O'Riordan 

(1957) also obsen~ed that passive elevation of body temperature by 1•‹C in humans 

increases the respiratory sensitivity to COZ. 

The increase in muscle temperature produced by exercise may also stimulate 

~hermoreceptors within muscle leading to an increased VF . although direct microwave 

heating of muscle in the absence of exercise did not stimulate ventilation (Morgan et al., 

1955). High (1966) proposed that an increase in blood temperature stimulates vE by 

excitation of both central (hypothalamic) and peripheral thermoreceptors. Kniffki et al., 
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(1981) observed that approximately 50% of the group 111 and group IV afferent neurons 

innervating skeletal muscle alter their discharge frequency in response to thermal stimuli 

within the physiological range. Increased body temperature also affects arterial blood gas 

tension and pH, by decreasing pH and increasing PC02 and PO2 (Ashwood et al., 1983), 

wkich in turn may increase the ventilatory stimulus. Cooper and Veale (1386) proposed 

that raised body temperature could mediate the increase in cE by a direct action on a central 

respiratory pacemakmg system. 

Although increased core temperature may contribute to ventilatory stimulation 

during prolonged exercise: body temperature does not change quickly enough to be related 

to the rapid change in GE observed at the onset or termination of exercise (Lambertsen, 

19801, or at the ventilatory inflection points observed during ramp incremental exercise to 

exhaustion. 

POTASSIUM 

Several studies on the control of breathing during exercise have suggested Ilia1 

arterial [Kt-] plays an important role in exercise hyperpnea (Kilburn, 1966; Band et al., 

1982; Linton et al., 1984; Sneyd and Wolfe, 1988; Busse et al., 1989; Paterson et al., 

1989a; Newstad et al., 1990; Paterson et  al., 1990; Yoshida et al., 1990). Busse et al., 

(1989) reported a strong correlation (r=0.90, p~0.001) between plasma potassium 

concentration and ventilation during prolonged exercise in humans. Ramp incremental 

exercise to exhaustion (Yoshida er at., 1990), and maximal exercise on a cycle ergometer 

(Patterson et al., 1989a), also produced an elevation in human arterial [K+] which was 

closely related to a change in ventilation. Additional evidence to support an important role 

of [K+] in the stimulation of ventilation during exercise was provided by Patterson et al., 

(1990), who observed a close teaporal relationship between the increase in arterial &+] 

and cE during incremental exercise in subjects with McArdle's syndrome who did not 

become acidotic during exercise. In normal subjects, arterial [K+] was increased by 2 mM 
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during maximal incremeilid exercise; subjects with MsAidle's syndrome responded to 

incremental exercise with a similar increase in arterial [K"I-1, although their work capacity 

was significantly less than that cf a normal subject. 

S OURGE OF PLASMA P O  ~ A S S I U M  DURING EXERCISE 

During exercise, the prihciple mechanism responsible for the rise in plasma [K+] is 

the release of K+ from contracting muscle (Kilburn, 1966; Van Beaumont et al., 1981; 

Sahlin and Broberg, 19891, a decrease in plasma volume (Edwards et al., 1983; Harrison, 

1986), and possible release of Kf from erythrocytes (Reinhart et al., 1983; Hespel et al., 

1986). During muscle activity, potassium leaks from skeletal muscle cells due to 

depolarization of the membrane, and is transported back to the cell by Na-K ATPase, or the 

Na-K pump (Laurel1 and Pernow, 1966; Kilburn, 1966). The leak of potassium from 

active skeletal muscle to interstitial fluid exceeds the amount that can be taken up by the 

Na-K pump between contractions (Clausen et al., 1987; Everts et al., 1988). The 

progressive increase in plasma Wi] with exercise has been interpreted to reflect a 

continuing release of [Ki] from the contracting muscles (Kilburn, 1966; Van Beaumont et 

aL, 1981; Sahlin and Broberg, 1989). This has been confirmed in humans from the 

reduced muscle intracellular [Kt] found at the end of exercise (Lindenger and Sjogaard, 

1991). The potassium concentration in the interstitial space of skeletal muscle may 

increase to 8-15 mrn~l . l -~  during muscle contraction in animals (Hnik, et al., 1976) and in 

human subjects (Knellmer, 1961; Vyskocil et al., 1983). Interstitial potassium equilibrates 

with plasma, causing a rise in plasma potassium during exercise. 

The mechanism whereby potassium may influence ventilation remains equivocal, 

although several recent papers suggest that excitation of arterial chemoreceptors by [K+] 

could be an important factor in the control of exercise hyperpnea. Increasing arterial [K+] 
1 6  



by intravenous infusion into anaesthetized animals, to a value comparable with that 

observed during exercise, produces an increased discharge of arterial chernoreceptors 

without significant change in arterial pH (Band et al., 1985; Linton and Band, 1985; Band 

and Linton, 1986; Paterson and Nye, 1988). Band et al. (1985) have also demonstrated 

that stimulation of CE by hyperkalernia in the cat is abolished when both the aortic and 

carotid body chemoreceptor nerves are sectioned. In addition, Paterson and Nye (1983) 

demonstrated rhat the carotid chernoreceptor hscharge increased more steeply at a higher 

arterial potassium concentration, indicating that the carotid chernorzep tors are si,onificantly 

more sensitive at the higher (6.0-8.0 mM) rather than at the lower (4.0-6.0 mM) range of 

arterial [K+]. Cunningham, et al., (1956) also observed much earlier that the carotid 

bodies contribute an increasingly significant drive to ventilation during extended exercise. 

It has been suggested that this increase may be attributed, in part, to increased sensitivity of 

the carotid chemoreceptors by raised fK+] (Paterson and Nye, 1988). Based on the 

Hernst equation, an increase in extracellulai [K+] would decrease the transmembrane 

potential of a cell, During exercise in which the [K+] increases from 4.0 rnM to 5.5 HiM, a 

decrease in membrane potential from -95 rnV to -85 mV would be expected, based on the 

change in K+] alone, which could easily account for an increase in the sensitisity of the 

carotid chemoreceptors (Linton, et at., 1984). 

One argument against a significant role for potassium in the central control of 

ventilation is that a reduction in arterial [K+] by 2 mM in subjects with chronic 

hyperkalemia due to renal insufficiency does not affect ventilation at rest (Paterson, et a]., 

1989b). Extrapolation of these results to normal individuals during exercise is questionable 

however, since (i) ventilatory measurements were made in patients at rest, and (ii) other 

compiications as a resuit of renal disease, such as decreased arterial chemoreceptor 

sensitivity diie to chmnic hyperkaiernia, or the concomitant metabolic acidosis and 

hypocapnia reported at the time of the experiment, could have obscured the ventilatory 

response ro [Kf] . 
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GLUCOSE 

-Although the concentration of blood glucose during exercise may have no direct 

affect on pulmonary ventilation, it is possible that an exercise-induced fall in blood glucose 

concentration may enhance catecholamine release, which would secondarily stimulate 

ventilahon. Galbo, et al., (1979) observed &at the rate of decrease in blood glucose during 

prolonged exercise was accompanied by an increase in the plasma epinephrine and 

norepinephrine concennation. When a decrease in plasma glucose was avoided, by 

glucose infusion throughout exercise, the catecholamine response to exercise was reduced 

(Galbo, et al., 1977aj. If the plasma glucose concentration was restored to its pre-exercise 

concentration by late glucose infusion, plasma epinephrine concentration decreased, while 

norepinephrine concentration remained constant (Galbo, er al., 1979). 

Hypoglycemia, by reflex activation of the sympathetic nervous system, may be 

accompanied by an increased heart rate, weakness, and sweating. A generalized increase in 

circulating catecholamines would likely affect ventilation by stimulation of peripheral 

chemoreceptors (Cunningham, er al., 1963; Joels and White, 1968; Berger and Hornbein, 

1989). 

AMMONIA: A POTENTIAL VENTILATORY STIMULANT DURING EXERCISE 

Ammonia has been shown to stimulate ventilation in the absence of hypercapnia 

both in animals and in =an with intact respiratory control systems. In animals, 

hyperventilation has been induced experimentally by intravenous infusion (dogs) (Roberts, 

et al., 1956) or intraperitoneal injection (rats) (Hmdfeldt and Siesjo, 1971) of ammonium 

acetate, md by taraven~us or ir?traventr;,zular infusion of buffered ammonium chlcride in 

dogs (Wichser and Kazemi, 1971). irE was increased both by an increase in V, and f 

(Wichser and Kazemi, f 974). 



In man, increased VE has been correlated with an elevared blood ammonia 

concentration in diverse clinical conditions including hepatic coma, Reye's syndrome, and 

in congenitd or acquired defects of enzymes of the urea cycle (Wichser and Kazemi, 1974: 

Henera and Kazemi, 1980). Alveolar hyperventilation and respiratory allsalcsis are both 

present when blood ammonia is elevated in these conditions. The exact mechanism by 

which ammonia acts as a ventilatory stimulant is cnhown, but the consensus is that it 

affects the central c o n ~ o l  of ventilation fWichser and Kazemi, 1974; Dutton and Ber-ban, 

1978; Herrera and Kazemi, 1480; Cooper and Plum, 1987). 

It is surprising that there is no infomation in the literature concemhg deviation 

from normal ventilation in patients with myoadecylate (AMP) dearninase deficiency 

@ODD), who do ncr produce ammonia during exercise. 

AMMONIA PRODUCTION AND CLEARANCE DURING EXERCISE 

Ammonia production by active skeletal muscle depends on exercise intensity and 

duration, which determine the demand for ATP formation (Babij, et el., 1983; Banister, et 

al., 1983; Buono, et al., 1384; Eriksson, et aL, 1985; Graham, et al., 1987; Katz, er al., 

1986). The extent of motor unit or muscle fibre recruitment (Hennernan and Mendell, 

1984), relative muscle fibre composition (Dudley, et al., 1983), envLronmental conciitions 

(Graham, era!., 1987; Ycung, er al., 1987), and the state of training of an individual 

and Dudley, 1987) are also contiibuting factors. 

The reason for ammoria accumulation, and the sowce of ammonia production 

during exercise is the subject of considerable debate. In short term intensive exercise, 

skeletal muscle becomes a major source of ammonia production during exercise (Sahlin, er 

a!,, 1978; Xeyer: et af., 1980; Dudley, E; a:., 1982; biz, e; al., 1986) by deamiiiati~ii of 

Tornheim, 1971). Deaminatim of amino acids during extended work which stimulates 

pmtein uptake and amino acid catabolism in skdeta! muscle is a n o ~ e r  potential contributor 
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to the anmonia producrion dur;,ng exercise. Alanine, gliltmliiie, glutmate, aspartate, =d 

the branched chain an;ino acids (BCAA) leucine, isoleucine, and. valine, are the main 

amino acids metabolized in skeletal muscle (Goldberg and Chang, 1978; Lemon and Nagle, 

1981). .Amino acids are also meiabolizd in adipose tissue: where some of the carbon 

fragments are also converred to ~acylglycerol (Tischler and Goldberg, 1980; Newsholme 

and Leech, 1983). Tischler and Goidberg (1980) demonstrated that branched chain amino 

acids are metabolized in isolared adipose tissue, with a net release of afanine and glutmine. 

More recently Kowafchuk, et al., (1988) showed that isolated adipocytes utilize glutamine, 

and produce glutamate. ammonia, lactate, and alanine. However, the rate of utilization of 

ainino acids in adipose tissue is low in comparison with other tissues, and is unlikely to be 

a major conmbutor to iimctnia production during exercise (Kowalchuk, et at., 1988) . 

Evidence supporting the contribu:ion of amino acid metabolism to ammonia 

production during exercise in humans is the marked increase in alanine release and 

glutamate uptake (with no change in gluamine release) by the exercising leg (Eriksson, et 

al., 1985; Katz, et ai., 1986). Similarly, Rennie, et al., (1981) reported that branched 

chain amino acids are oxidized du~kiig exercise in humans. Leucine turnover and oxidation 

are also enhanced by exercise (Henderson, et a!., 1985). The ; wolute rate of branched- 

chain amino add catabolism in skeletd mmuscle is low (about 0.01 umolmin-1-g-1) and it 

would o d y  provide about 10% of ?he ATP requir~ment of resting muscle (about 1-2 

f.~mol-min-~*g-l), although the conpiete oxidation of the amino acids to carbon dioxide 

would double this rate of A'fP formation (Newsholme and Leech, 1983). However, even 

rhis seemingly small mount cf amino acid caiabolisrn could contribute significantly to 

ammonia production, if one assumes  hat about 10 kg. of skeletal muscle is active in cycle 

ergometry. These daia are inconclusive but suggest that exercise may be associated with 

augmented amino acid caraboEsm and this could contribute to the accurnblfahon of 

m o n l a  



Clearance of ammonia from the circulztion depends on renal and hepatic uptake and 

elimination, and uptalke by inactive skeletal muscle. The decrease in renal blood flow 

which occurs during exercise (Rowell, 1983), could negatively affect renal uptake and 

excretion of m o n i a .  A reduced hepatic blood flow has also been reported to accompaqy 

exercise (Felig and Wakent 1971; Rowell, 1983; Ehiksson, er al., 1985), alrhough hepatic 

ammonia clearance does not decrease during exercise in the range of 30-8095 VOa,, 

(Erikssm, et al., 1985). 

GLYCOGEN DEPLETION AFFECTS k MMONIA ACCUMULATION DURING 
EXERCISE 

Broberg and Sahlin (1988) rzported a significantly greater blood ammonia 

concentration during submaximal exercise to exhaustion in subjects who were glycogen 

depleted, despite an accompanying relatively low lactate concentration. The blood Nf33 

also increased faster during exercise in rhe glycogen-depleted subjects compared with 

controls. This was recently confinned by Greenhaff: et al., (1991). Muscle glycogen 

deficiency during exercise could result in z;? imbalance between utilization and resynthesis 

of ,4TP, resulting in an increased concentiation of both muscle ADP and AMP, each of 

which are known to be potent activarors of AMP deaninase (Lowenstein, 1972; Wheeler 

and Lowenstein, 1979). A high adenine nucleotide fiux in muscle is almost cenainiy 

accompanied by an increased rate of AMP deamination to IIW and hI3. This hpothesis 

is supported by recent evidence showing that exercise at 68% of VOZ,, to exhaustion 

which resulted in a decrease of muscle glycogen to approximately 30% of its pre-exercise 

vdue was accompanied by a mz-rked increase in skeletal muscle IMP contest (Nomm, er 

a!., 1987). 

5-g exercise when mtlscie glycogen decreases rc a low lwei, an increase in G !  

concentration is observed in muscle containing predominantly type I or type II muscle 

fibres et al., 1988)- This suggests that deamination of AMP to IMP and &%I3 
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occws in both fibre types despite the absence of cellular acidosis. Previously it had been 

reported that AhIP deaminase in high-oxidative muscle was activated mainly through an 

increase in AMP concenrration, whereas cellular acidosis was the major activator in the 

low-oxidative muscle (Dudley and Terjung, 1985), although these data were obtained in rat 

skeletal muscle. Because type I fibres have a higher oxidative capacity than type D fibres, 

a ~ ~ d  are predominantly recmi~ed during exercise of submaximal intensity, it was suggested 

by Graham, et a!., (1957) that perhaps type I fibres were the main source of T\TH3 during 

proIonged submaximal exercise, which could explain the observed dissociation between 

factate and NHj accumulation. 

POSTULATED SITE AND ~ \ ~ E C H A N I S M  OF ACTION OF AMMONIA ON 
VENTILATION 

The site of action of ammonia as a ventilatory mediator is unknown. Although both 

peripheral and central mechanisms have been considered, there is little support for 

ammonia's involvement as a peripheral ventilatory stimulant. Most evidence points to a 

central action of ammonia as a ventilatory stimulant. 

Peripheral Action of Ammonia 

Eldridge (1972) reported that a solution of ammonia injected into the blood supply 

perfusing the carotid body of maesthetized cats decreased the activity of the carotid sinus 

nerve. Closer examination of this study, however, revealed that the agent used was 

ammonium hydroxide (0.1K, pH=10.3) (Eldridge, 1972). The pH of this solution would 

silence the activity of carotid chemoreceptors, irrespective of any possible action of 

ammonia (Fitzgerald and Parks, 1371). These results provide littie useful information 

about ammnr_lalsr effect on peripheral cchemoreceptors. Another possible peripheral site of 

acrion of ammonia is within skektal muscle. If chemoreceptors exist in peripheral muscle, 

then they could be stimulated by elevated ammonia concentration during muscle activity. 



This is an untested hypothesis however, and if such muscle chemoreceptors exist, il is 

unlikely that they would respond specifically to ammonia. 

AMMONIA IN THE CENTRAL NERVOUS SYSTEM 

Banister and Cameron (1990) postulated that axing exercise, elevated blood 

ammonia and a change in the ratio of plasma amino acids may favour the movement of 

amrnonia and some amino acid precursors of neurotransmitter synthesis across the blood 

brain barrier (BBB). To facilitate the understanding of the action of ammonia in the central 

nervcus system, reference is made to diagrams in this review paper, included as Appendix 

V. Based on evidence of brain ammonia metabolism and its direct neurophysiological 

action, ammonia could interact in the central nervous system, and ultimately lead to 

symptoms of "central fatigue" (Appendix V, Fig. 7). 

In contrast to the lack of information to support a peripheral action of ammonia, 

there is strong support for the hypothesis that ammonia stimulates ventilation at a central 

locus. The effects of ammonia on ventilation have been considered a consequence of its 

toxicity to the central nervous system (Wickser and Kazemi, 2974; Dutton and Bermant 

1978; Herrera and Kazemi, 1980). The increased ventilation, which results from either 

ineavenous or intraventricular infusion of buffered ammonium, is strongly correlated with 

the level of ammonia in the CSF and brain tissue, but not with blood ammonia with 

intravennicular infusion of buffered ammonium chloride, there is no elevation of blood 

ammonia, but cE is significantly increased (Wichser and Kazemi, 1974). 

In order for peripherally-produced ammonia to act centrally, it must ,of course, 

cross the blood brain barrier (EBB). It is now acknowledged that ammonia has access to 

fhe brain from the blood both as free base NH3 and as the r\(RQ+ ion (Dawson, 1978; 

Raichk a id  Laison, 1881; Cooper and Plum, 1987) and is directiy dependent on blood pH 

(Stabenau, et al., 1959; Waelsch, et a!., 1964). When ammonia is presented to brain 

tissue in a large single dose, at a rapid rate, or following an already established elevated 
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condition, existing endogenous detoxification mechanisms are unable to contain the 

increased ammonia load and the brain amnonia concentration rises rapidly (Gjedde, er al., 

1978 : Hindfeldt, 1973). 

Ammonia is an integral component of endogenous brain metabolism. Under 

resting conditions the ammonia content of the brain is ymaintained at a relatively low 

concentration (_Appendix V, Table I). Ammonia becomes incorporated into the glutamate- 

glutamine system in the brain (Benjamin and Quastel, 1975; Benjamin, 1983). Following 

continuous common carotid infusion of nitrogen label from [ I ~ N ]  ammonia, the label 

rapidly appears principally in the amino group of glutamate and in both glutamine nitrogens 

(Stein, et al., 1976) (Appendix V, Fig. 4). This suggests that ammonia-nitrogen 

incorporation is both by uansamiriation of a-keroglutarate and by further amidation of 

glutamate to glutamine. In associated reactions, glutamate may also undergo oxidative 

decarboxylation by glutamate decarboxylase (GAD) to form GABA (Hertz, 1979; Hertz et 

nl., 1983; Rothstein and Tabakoff, 1985) (Appendix V, Fig.7). Glutamate and GABA, 

respectively, have defined excitatory and inhibitory actions as neurotransmitters while 

glutamine has no known neurotransmitter action (Eldridge and Millhorn, 1981; Toleikis et 

a]., 1979: Chiang et al., 1986). 

Regional differences in the capacity for ammonia removal (buffering) have been 

described for brain tissue. Butterworth et al., (1988) suggested that the cerebral cortex 

(CC) has a Jimited ability to remove blood-borne ammonia by the formation glutamine, 

compared with the brainstem. This is due to a moderate decrease of glutamine synthetase 

(GS) activity in the CC accompanying hyperammonernia. Thus, a regionally specific 

chznge in ammonia concentration may occw which is Bisruphve to local neural activity. 

It is well documented that ammonia is directly neuroactive (Lux, 1971; Lux, 1974; 

Plum et al., 1974; Raabe and Gumnit, 1975; Iles and Jack, 1981). Lux (1970, 1971, 

1974) concluded that ammonia's reduction of postsynaptic inhibition at the motorneuron is 

predominantly mediated by an increase in the pemeability of the cell to chloride ions. Iles 
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and Jack (1981) observed a small (3 mV), but maintained, depolarization of 

motomeuorons following administration of ammonia to anaezthetized cats. They suggested 

that the nerve cells may be directly permeable to ammonia though channels permeable to 

potassium. An increase in extracellular ammonia would thus depolarize the cell directly, 

and also lead to a displacement of potassium to the extracellular space. Iles and Jack 

(1981) proposed that the depression of postsynaptic inhibition may be responsible for 

many of the clinical symptoms of ammonia toxicib !'n humans. Neurological symptoms 

ascri'oed to hyperammonia include abnormal locomotor behavior (Holmin and Siesjo, 

1974), altered sleep patterns (Beaubernard et al., 1977), modification of neuromuscular 

coordination (Giguere and Butterworth, 1984), and as described above, hyperventilation. 

Wichser and Kazemi (1974) suggested that ammonia may stimulate ventjlation either by 

acting on neurons which exert a facilitoq influence upon the respiratory centres, or it could 

act directly on the respiratory motomeurons. 

In addition to the neurophysiological effects, ammonia causes metabolic changes in 

glycolysis, Krebs cycle intermediate compounds, the NADH-NAD system, and organic 

m i n e  metabolism in the brain (see Cooper and Plum, 1987, for review). These changes 

may influence respiratory control if ammonia alters neural function either by depleting 

various neuronal substrates, or by leading to changes in neurotransmitter concentration, or 

both (Dutton and Berkman, 1978). A depletion of high energy phosphates in the midbrain 

has been proposed as a mechanism whereby ammonia may induce hyperventilation 

(Schenker et al., 1967). Hyperarnmonemic animals have an increased brain lactate- 

pqmvate ratio associated with a significant alteration in intracellular pH; the NADH/NAD 

ratio is also increased; both glucose and glycogen concentrations are decreased, and 

postuiated to decrease ATP content, thus &fecting cerebral energy supply. These effects 

are iepiii~ed to 3e 1oca:ized preferentally in the base of ihe brain (Idenera and Kazemi, 

1980). If depletion of high energy phosphates occurs in the basilar section, it could explain 



some of the neurological symptoms and signs, in addition to the h,vperventilation associated 

with hyperammonemia. 

Recently, short-lived isotopes ( I T ,  tlj2 = 20 min; 13N, tlj2 = 9.9 min) have been 

used to study the central chemical drive to ventilation (Kazemi, 1987). A m o n i a  taken up 

by the braii followig intra-arterial injection of %kmrnonia appears as glutamine, then is 

converted into the neurotransmitters GABA and glutamate. It was concluded that 

ventilatory drive is dependent on electrolyte and acid-base status of brain ECF, the 

interaction between H+ metabolism and C02 fixation, and metabolism of the amino acid 

neurotransmitters GABA and glutamate Weyne et a[., 1978; Kazemi and Johnson; 1986: 

Kazemi, 1987). 

11C-labelled HC03- has also been used to assess C02 fucation in the medulla and 

cerebral cortex in order to compare this to changes in the amino acid concentration found at 

these sites during hypercapnia (?loop et al., 1985). The importance of this, is that C02 

fixation in the brain promotes entry of C02 into the Krebs cycle through oxaloacetate, and 

alters the equilibrium of ammonia-related amino acids at the a-ketoglutarate-glutamate level 

(Weyne et al., 1978) (Appendix V, Fig. 7). C02 fixation rate varies in different regions of 

the brain. The rate of HHCOi (C02) fivation in the medulla is correlated positively with a 

concomitant increase in medullary glutamine and GABA, at a site where respiratory centres 

reside \?loop et al., 1985). 

Confirmation of whether there is an elevation of ammonia concentration in the brain 

during exercise awaits development of adequate experimental techniques to determine brain 

ammonia ff ux during exercise in humans. 

RATING OF PEP-CEIVED EXERTION DUXING EXERCISE 

The subjective measurement of rating of perceived exertion (RPE), is an accepted 

and simple method of determining a subject's impression of exercise intensity (Borg, 

1982). The Borg scale of perceived exertion has previously been shown to correlate 
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between 0.80 and 0.90 with heart rare, oxygen uptake, and lactate accumulation (Burg, 

1982), and is extensively used in exercise testing (ACSM, 1990), exercise prescription 

(Pollock er al., 1986), and in the quantification of energy expenditure (Cadio Stress Inc, 

1988). 

The relationship between W E  and pulmonary ventilation is also of interest. M- 

et al. (1981) suggested that if the sensed level of breathing is an important pars of the 

overall perception of exertion during prolonged exercise, or if sign23cant ventilatory muscle . 
fatigue occurs during heavy exercise, then a rising VE could reduce exercise tolerance. 

Previous evidence suggests that ventilatory function and/or discomfort contributes to 

perceived exertion, although the exact aspect of ventilation that is sensed is unclear (Noble 

et al., 1973; Robertson, 1982; Derneflo et al., 1987). 

THE GLYCOGEN DEPLETION ~\?IODEL 

Exercise in a glycogen depleted state is an appropriate model to investigate the 

contribution of humoral factors to exercise ventilation for several reasons. Extensive 

muscle biopsy work has documented the effect of exercise and diet regimens on muscle 

glycogen content (Bergmorn, et al., 1967; Gollnick, et al., 1973: Gollnick, et al.! 1974; 

Heigenhauser, et al., 1983; Vollestad and Blom, 1985). A reduction in arterial pH, 

frequently interpreted as a primary cause of exercise hyperpnea, is attenuated at a 

comparable exercise-induced ventilation in glycogen depleted exercise. Thus, one or 

several other humoral factors must prevail as the primary ventilatory stimulant during 

exercise in the glycogen depleted state. 

The glycogen depletion model used to examine the relationship between humoral 

changes and ventilation in this study is similar to that in the studies of Heigenhauser, er a/., 

(1983) and Broberg and Sahlin (1988). The former study showed that during exercise, 

ventilation was greater at an equivalent work rate when a subject was glycogen depleted 
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compared with a normal nutritional state. The authors were unable to determine the cause 

of the higher VE in the gfycogen depleted trial, but they postulated that in humans, an 

increased "neurogenic" drive could be an important factor in  the observed increase in VE 

during glycogen depleted exercise. In the study by Broberg and Sahlin (1988), it was 

reported that prolonged exercise to exhaustion in glycogen depleted humans resultsd in a 

si,.nificantly higher blood ammonia concennation compared with control exercise. The 

ventilatory response to exercise was not reported in the latter study, however. 

An elevated blood ammonia concentration has previously been identified as a 

ventilatory stimulant in animal studies (Roberts, et al., 1956; Wichser and Kazemi, 1974; 

Dutton and Berkmar, 1978; Herrera and Kazemi, 1980; Cooper and Plum, 1987). The 

question which evolved from this is whether an exercise-induced elevation in blood 

ammonia concentration, which is au,mented during exercise in glycogen depleted subjects 

(Broberg and Sahlin, 1988; Greenhaff, et a!., 1991), is a mediator of exercise hyperpnea. 



PURPOSE OF THE CURRENT RESEARCH 

The objective of this study was to investigate the relationship between the 

ventilatory response to exercise, and the exercise-induced production of blood ammonia 

and other humoral mediators of ventilation. The ventilatory response to exercise was 

investigated by analysis of the breathing pattern. 

To achieve this objective, subjects exercised under normal and glycogen depleted 

conditions to produce a different ventilatory response (VE] to a fixed exercise stimulus. h 

one condition (glycogen depletion), the effect of other known factors conuolling ventilation 

and potentially obscuring any role of ammonia, specifically the influence of pH and 

PaC@, are reduced or eliminated. 

The following questions are addressed in the thesis. 

1. What is the relationship between the increase in blood ammonia during exercise and 

the ventilatory response to exercise? 

2. Does glycogen depletion affect the relationship betw~een blood ammonia and exercise 

hyperpea? 

3. What possible mechanisrn(s) account for the au-gnented ventilation observed during 

glycogen depleted exercise? 

HYPOTHESES 

The specific hypotheses of the study are: 

1. Ammonia is a significant stimulant to ventilation during exercise. 

2 ,  The time course of developing hyperamnaonemia is more closely related to the 

ventilatory response to exercise than other potential mediators of ventilation &e. 

plasma potassium ion, pH, temperature, and plasma catecholamines). 

3. The breathing pattern during exercise, as measured by changes in  Vt,f, and the dnve 

(VT,TJ and t i ~ i n g  compcxents of the vent2attx-y cyck a e  be related t~ t+e 
change in blood ammonia concentration. 



Rr,LF:THODOiOGY 

SUBJECT SELECTION 

Five hP?lthy male subjects 20 to 29 years of age who were physically active and 

capable of undertaking the specified exercise rea@mens described were subjects in each 

experiment. Four of the five subjects participated in both studies, and one additional 

subject had to be recruited. Informed consent was obtained from each individual after the 

nature 2nd any known hazards of the study had been explained. All subjects underwent a 

thorough medical examination prior to rheir participation in the experiments which were 

approved by the Simon Fraser University Ethics Committee. 

PRELIMINARY TESTS 

Anthropometric measurements (height; weight; six skinfolds measured at the 

triceps, subscapular, suprailiac, abdominal, front thigh, and calf sites) were obtained from 

each subject to determine their physical characteristics (Ross and Marfell-Jones, 1991). 

Body surface area (BSA), determined by the formula of DuBois and DuBois (1916), was 

calculated as: 

BSA=7Veight.425 Height.7B *7 1.84 

Pulmonary function in each individual was measured using a Vacumed spirometer 

and Vacumetrics UCI-500 Spirometry software (Version 1.4) (Vacumed, Ventura 

Caiifornia) prior to and following ramp incremental exercise to exhaustion. Forced vital 

capacity (FVC), forced expired volume in one second (FEVl), and maximum voluntary 

ventilation (MW) using a 15 second procedure, were recorded. 

GENERAL INSTRUCTIONS 

A subject was asked not to exercise for 48 hours prior m an experiment other than 

as required in the study. Each exercise trial was conducted in a temperature (21•‹C) and 

humidity (55% RH) controlled environment at the same time of day to avoid any diurnal 
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influence on physiological variables being measured. To ensure that a subject was 

reasonably well recovered from strenuous exercise, he was required to r~,main under 

observation for a lninirnum of 30 minutes following each exercise protocol. 

PRELIMINARY DETERMINATION OF PEAK EXERCISE CAPACITY 

Subjects were familiarized with the testing environment and exercise protocols prior 

to the collection of experimental data. Following familiarization, each subject completed a 

ramp incremental exercise test to volitional exhaustion, in order to establish their peak cycle 

exercise capacity. Resting ventilarion was measured for 10 minutes prior to the onset of 

exercise. A subject began the exercise by pedalling at 80 rpm at zero warts (unloaded 

pedalling) on an electrically braked cycle ergometer (LODE, HL-600-R, Groningen, 

Holland) for 4 minutes. An tachometer (rpm) was visible to the subject. The work rate 

was then increased by 30 watts per minute until he could no longer maintain a pedalling 

frequency within & 10 rpm of the required rate. During a 10 minute recoveq period which 

immediately followed h e  exhaustive exercise, he continued to pedal at 80 rpm. From this 

exercise test, maximum aerobic power or V 0 3  ,,, and maximum work rate (WR,,) were 

determined. In the principal experiments of this thesis, the maximum work rate obtained 

during the preliminary ramp protocol to exhaustion was used to determine the individual 

work rate for each exercise protocol. 

EXPERTMENTAL DESIGN 

Following the completion of preliminary tests, each subject participated in two 

experimental exercise studies, one in which each subject completed ramp incremental 

exercise to exhaustion, and the second which involved prolonged steady stare exercise, In 

each study, a subject exercised first in a normal, and secondly in a glycogen depleted state 

on separate occasions. These have been designated in the text as: 



( i )  EFFECT OF RAMP INCREMENTAL EXERCISE ON VENTILATION 

GN: a control, nonnal glycogen condition 

GD.4mTE: an acute glycogen depleted condition 

GDCHROhTC: a chronic glycogen depleted condition 

( i i )  EFFECT OF PROLONGED STEADY STATE EXERCISE ON VENTILATION 

GN: a control, normal glycogen condition 

GDAcrrrE: an acute glycogen depleted condition 

RAMP INCREMENTAL EXERCISE 

In this test protocol, each subject conpleted a ramp incremental exercise protccol as 

described above with minor modifications. The increment rate of the ramp protocol 

selected for each subject was dependent on the individual peak cycle exercise power 

demonstrated in the prelil.ninary test (Results: Table 3). The intent was to ensure that the 

length sf  the exercise test was approximately equal for each subject. To achieve this, three 

subjects whose individual WRmT1, was close to 300 watts completed a ramp protocol with a 

ramp dope of 20 Warnin-1, and two subjects whose WR,,, was closer to 400 watts, 

cycled at 30 W-min-I. 

PROLONGED STEADY STATE EXERCISE 

In this test protocol, the individual's constant work rate was set at 50% of the 

WR,, determined in the preliminafy incremental test to exhaustion. Following a 10 rnin 

period when resting ventilation w2s measured, each subject exercised on a cycle ergometer 

for 90 minutes ai a work rate equal to 50% of WR,, or until he was unable to maintain a 

pedalling frequency of 80 rprn 10 rpm. This exercise session served two Furposes, flust 

to measure pulmonary ventilation and respiratory ga5 exchange in the GN condition, and 

secondly as preliminary exercise establishing glycogen depletion protocol prior to exercise 

in the GDACUTE condition. The subject was allowed to rest for 15 minutes then 



continued with the regimen described below in the section e~titled Exercise to Achieve 

Glycogen Depletion. 

EXERCISE TO ACHIEVE GLYCOGEN DEPLETION 

The conn-01 exercise condition, GK, was defied as the state of resting muscle 

glycogen in a subject following a normal, mixed diet without prior exercise within the 

previous 48 hours, W k n  t%e inteni was ro deplete the muscle glycogen stores of a subject, 

he first completed 90 minuses of steady state exercise on a cycle ei-gometer at a work rate of 

50% of his peak work rate dewmined in a przliminary exercise protocol. Following the 90 

minute session a subject wzs allowed to rest for 15 minutes arid then comgleted repeated 

intervals of supramaximal exercise in order to deplete ihe working muscle of glycogen 

further. Each interva? consisted of 1 minute of cycle exercise at a work rate equal to 120% 

of that inducing VOz,, in the ramp exercise protocol, interspersed with 3 minutes of rest, 

until a full minute of exercise could not be completed, A mean number of 5.2 intervals 

with an average t ~ t a l  time of 798 seconds was completed by the group. This glycogen 

depletion protocol was followed by 90 minutes of rest during which waler, ad libitum, but 

no caloric intake was allowed. On most occasions a subject rested supine in the the 

laboratory. After the rest period, GDACUTE exercise was completea. In the smdy on the 

effect of ramp incremental exercise on ventilation, exercise was also completed in a second 

glycogen depleted state, GDcHRnsIc. In order to prepare for the GDCERONIC state, 

following the GDACGTE protocol a subject was instructed to eat only a low carbohydrate 

diet in the interval between the GDACCTE and GDCHRrvIC tests. Twenty four hours 

7 later, the subject returned to the laboratory to complete the uDCHRoNIC exercise. A 

similar exercise protocol to reduce muscie glycogen has pre\iously been valiJarzc! by &-ect 

analysis of glycogen in biopsied muscle (GoHnick, et al., 1974; Heigenhauser, t7r ai., 1983; 

Costill, 1988). 



The initisl rarionaie fur duplicaiing exercise trials in the GDACUTE and 

GDCHROhxc condition wzs bar iil the GDBCCTE condi?ion, the prior exercise needed to 

accomplish the depletion of muscle glycogen stores may have had a residual effect on the 

ventilatory response to exercise. Retesting the subject the following day in the 

GDcHRoArc state ensured t h t  :he observed ventilatory response ro exercise was due to 

glycogen depletion, not to a residual effecr of prior exercise. Following :he study on Gle 

ezec: of ramp incremental exercise on venrilation, it was determined that there was no 

sipificaiit difference between the GDACUTE an6 GDCHROhxc condition in &e vent3a1ox-y 

respo;rss to exercise. Thus in ~ t e  study on the effect of prdonged exercise on ventilation, 

only GP; and G D A C z T ~  exercise was coqleced. 

DIETARY  INSTRUCT^ 08s 

For GN experiments, each subject was instructed to eat a normal diet (-55% 

carbohydrate, 30% fait and 15% protein), with no alcohol consumption and an emphasis 

on adequate hydration. In order to maintain glycogen depletion following glycogen 

depletion exercise, a low cvbohydrare diet (-10% carbohydrate, 35% protein, and 55% 

fat) was maintained by a subject for the 24 hour period until the subsequent experiment. 

Each subject subwitted a detailed diet recall sheet in each experiment. Their nutritional 

inrake was malyzed using DIET MAC@ sohare .  

DATA ACQUISITION 

Exercise was performed on an electrically braked cycle ergometer (LODE, KL-600- 

R, Groningen, Holland). Expired gas sampled at the mouthpiece was analyzed breath-by- 

(Applied Ekcrrochemistry, model CD-?A). Inspircd and expired ventilation were each 

measured with an Alpha Technologies Ventilation Module (model VMNl lo). Heart rate 

was continuously monitored from a wireless sensor-transmitter (Sport  ester@ model 
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A5900, Polar Elecrro OY, Firilmd). Inrerna! body temperature (Tc) was monitored with a 

rectal thermistor probe (Yellow Spring Instrunents, Ohioj imerted 10 cm past the and 

sphincter, connected to a Cole P m e r  Thedstor  Thermometer. 

Electrical signals from the ventilation modules and gas andysers necessary fa;- the 

analysis of ventilation and gas exchange underwent analog to digital conversion (National 

Instruments AID conversion board hrB-MIO-16). A software program in National 

Instrument ~ a b ~ i e w @  (Version 2.1.1) was used to align these signals in time, correct for 

breath-by-breath variation in alveolar ventilation and gas exchange, and correct for the 

specific response time of each gas analyser (Wdsh, et at., 1989). Outlying data points of 

the ventilatory signai eliminated from each data set before analysis. Criteria for 

discarding data were (i) an inspired time of less than 200 msec which indicated that the 

subject had swallowed, causing the expiration valve to close, and (ii) other data points 

which were estimated to be greater than 3 srmdard deviations away from the mean value. 

Breath-by-breaih ventilation eE. BTPS). O2 uptake (Go2, STPD), COz output 

(+coz, STPD), ventilatory equivalents for CQ and a2 (GE/GCo2, < j b 2 ) ,  respiratory 

exchange ratio (R), tidal volume ('7t'~, BTPS), frequency 0, end-tidal PC02, and PO2 

&'&2O2, PETO~) were determined. Expired time (T,), and time of one complete cycle 

&or ), were measured direccy, and inspired grne (TI) was calculated as the difference 

between them. Drive (VT.RJ and tizing (TI/TTsT) components of ventilation were also 

calculated (Milic-Edi, et al., l98l j. 

'Wherever cardiorespiratory vzriables were compared with blood variables, a data 

point for the former was deriiwl by avera,+g breath-by-breath data for a 20 second period 

corresponding as closely as possible to timed blood collection. 

%,A. ,I.,,,- ,,L ,=r,,,-, tnnr, rluudgiwu~ e a ~ l ~  ~ A G L L ~  p r z t i ~ ~ d ,  each subject rated perceived exertion [nrc) 

from a Rmg Scale, which ranged in estimation of the severity of exercise from i (t7ery, 

very light) to 10 (very, very heavy work); respectively fBorg, 1982). 



BLOOD SAMPLZKG 

Blood was sampled at rest, during unloaded pedalling, and at repular intervals 

throughout exercise for h e  analysis of ammonia, lactate, potassium, pH, catecholamines, 

glucose, hematocrit, and hemoglobin. In RAMP LWCREMENTAL EXERCISE, a sample for 

ammonia, lactate, and porassiurn analysis was obtained at rest, at the 4th minute of 

unloaded pedalling, at every 2nd minuie throughout the ramp, and at the endpoint of 

exercise, A blood sample for pH anu glucose was taken at rest, at the 4th minute of 

unloaded pedalling, at every 4th micute tk~oughout the ramp, and at the endpoint of 

exercise. This allowed adequate time for the blood gas analyzer to process each sample as 

soon as it was collected. A blood sample for catecholamine, hematocrit, and hemoglobin 

andysis was obtained at rest, at the 4th minute of unloaded pedalling, at the 14th minute of 

the ramp, and at the endpoint of exercise. In PROLONGED STEADY STATE EXERCISE, 

samples for ammonia, lactate, and potassium analysis were obtained at rest, at the end of 

unloaded pedalling, every 2.5 minutes up to 50 minutes, and every 5 minutes to the 

endpoint of exercise. A blood sample for pH and glucose was taken at rest, at the 5th 

minute of unloaded pedalling, at every 5th minute up to 50 minutes, and every 10 minutes 

to the endpoint of exercise. A blood sample for catecholamine, hematocrit, and 

hemoglobin analysis was obtained at rest, at the 5th minute of unloaded pedalling, at 20 

minutes, and at the endpoint of exercise. 

Two sites were used to obtain blood samples during exercise. An indwelling 

catheter (Angio-Set, 15 Ga I1i3 in), placed in an antecubital vein and kept patent with sterile 

heparinized saline, was used to draw samples for analysis of ammonia, lactate, 

catecholamines, potassium, hematocrit and hemoglobin. Arterialized venous blood 

smples  for blood gas and blood glucose analysis were obtained from an indwelling 

ca&eter (hgio-Set, 22 Ga 3/4 in) in a superficial vein on the dorsum of the hand which was 

heated by an electrically heatxi giove conzoHed by a themister to improve in the 

arterialization of the blood (Forster, et af., 1972). A heparinized syringe was used to 
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obtain a sample for blood gas and glucose analysis. Each blood sample was d r a w  into a 

syringe through a 2-way stopcock connected ro an adapter on the catheter. Upon sampling, 

venous blood was divided iminediately and transferred to a series of tubes prepared for 

specific metabolites. Blood was transferred to a tube containing 45 USP Units sodium 

heparin for ammonia analysis, iced 0.6 N perchloric acid (HClOd for lactate analysis in a 

2:l volume ratio of HC104 to whole blood, 40 p1 7.5% EDTA(K3) for catecholamine, 

hernatocx% and hemoglobin analysis, or into a plain vacutainer SST@ tube with gel and clot 

activator for potassium analysis. Samples for armmnia, lactate, and catecholamines were 

immediately placed on ice. Samples were then centrifuged at 2,500 rpm for 10 minutes, 

(Clini-Cool Refrigerated Centrifuge, Damon EC),  separated, and the supernatant fi-ozen on 

dry ice wi th i  30 min of sampling before transfer to a -80•‹C freezer and storage until 

analysis. Ammonia was analyzed within 24 hours of obtaining the sample due to the labile 

nature of the metabolite. Lactate was analyzed within one week. Samples for potassium 

analysis were allowed to clot at room temperature, and centrifuged to separate the serum. 

Hematocrit, hemoglobin and potassium analyses were performed on the day of sampling at 

B.C. Biomedical Labcmtories, in Burnaby, British Columbia. A few samples that showed 

obvious hemoly sis were not analyzed. 

A summary of the method used in each biochemical analysis, and the coefficient of 

variation of the method determined in this study is shown in Appendix 11. The 

concentration of ammonia and lactate were determined on a Beckman DU-8 

spectrophotometer. Blood lactate concentration was analyzed from the perchloric acid 

supernatant. Tne reaction, catalyzed by lactate dehycirogenase in the presence of excess 

NADf, results in an increased absorbance at 340 nanometers due to NADH formation in 

proportion to the concentration of lactate present in the sample (Sigma, 1989). The 
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to 10.55 nM representing 15.46 to 193.26 pg per injection showed a linear response. The 

coefficient of variation for epinephrine was 1 1.3% (determined from standard solutions 

only), and 7.4% for norepinephrine (determined from duplicate analysis of blood samples). 

In the chromatograms of the plasma samples, interference by a large unidentified peak at 

the retention time of epinephrine prevented its accurate determination. The contaminating 

peak was present in the majority of rhe samples analyzed. Therefore only plasma 

norepinephrine concentration was reported in this study. 

Whole blood glucose was determined immediately using a Lifescan One l ouch@ 

glucose analyzer. Determination of glucose in the sample depended on a glucose oxidase 

method specific for D-glucose (Marits and Dawson, 1965). When blood was applied to the 

reagent test strips, glucose oxidase triggered the oxidation of glucose in the blood, fo&g 

trluconic acid and hydrogen peroxide. Peroxidase then catalyzed the reaction of hydrogen " 

peroxide with dyes which produced. a blue colour when oxidized. The intensity of blue 

color formed correlated with the concentration of glucose in blood. Glucose determination 

using a Lifescan One  ouch@ glucose analyzer had a coefficient of variation determined of 

5.4%. The accuracy of this method of glucose analysis was tested by analyzing duplicate 

blood smples  (n=10) with the Lifescan One  ouch@ glucose analyzer and by B.C. 

Biomedical Laboratories, where a hexokinase and glucose-&phosphate dehydrogenase 

catalyzed method of glucose determination was performed (Schmidt, 1961) on a 

Boefuinger Mannheim-Hitchi 7 17 analyzer. Daily standard calibration of the instrument 

was made using a Boehringer hlannheim "BMC-Automated Systems" solution. A 

correlation coefficient of 0.87 (psO.001) was found between the two methods in a resting 

blood glucose range of 3.6 to 8.4 mM. Hematocrit and hemogloEn were analyzed using a 

"Codter Systems" stacker automated hematology analyzer standardized daily by Couleer 

"S-Cal". Hemoglobin was determined using a cyanmethaemoglobin method (Lynch, 

1976), and hematocrit was determined by calculation (Coulter, 1388). Potassium was 

measured using an ion selective electrode on a Boehringer Mannheim-Hitchi 717 analyzer 
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calibrated for pcttassiurn with Ewhringer Mannfieirn "Precical", B.C. Biomedical 

Laboratories reported an average daily coefficient of variation of 0.9 and 0.7 for hernatocrit 

and hemoglobin, respectively, and a coefficient of variation of 1.5% for normal and 1.1% 

for high potassium ion concentrations. 

Blood volume (BV), red cell volume (CV) and plasma volume (PV) were calculated 

from values of Hb and Hct before, during, and at the end of exercise, using a series of 

equations derived by Dill and costill (1974). Subscripts B, and A, denote BEFORE 

dehydration and AFTER dehydration. BVB was considered to represent 100%. 

BVa = BVB(Hb&bJ 

CVA = BVA (Hctd 

PVA = BYA - CVA 

ABV, 9% = 100(8V~ - BVB)/13V~ 

ACV, % = 100(CVA - CVB)/CV~ 

m v ,  % = 1O0(PVA - PVB)/PV, 

Using these equations, the percentage change in plasma volume in response to exercise was 

calculated from values for Hb and Hct before and after exercise. The observed change in 

plasma volume was used to correct the concentration of each metabolite to account for any 

plasma fluid shift with exercise @ill and Costill, 1974). 

BLOOD GAS ANALYSIS 

Arterialized venous blood was analyzed for PO2, P C Q ,  and pH using standard 

microelectrodes calibrated before and after each experiment with certified standard buffers 

and gases (CIBA Coming Canada Inc., Blood Gas Analyzer Model 178). Each blood 

sarnp1e wits analyzed at 37•‹C and was corrected to T, of the subject uskg f ~ r r r ~ l a  specific 

for a Coiling 178 a~&y-zer (Ashwood, et al., 1383). V ~ U P S  obtained for PO2 (too low) 

and PC02 (too high) indicated that complete arterialization of the blood did not occur. 

Thus, only pH was used for further analysis. 
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STATISTICAL ANALYSIS 

Descriptive Data and Determination of Significance 

The preliminary subject data are reported as the group mean, and the range of each 

variable. All other data in the text and graphs are described by descriptive statistics 

the mean and standard error of the mean (SEM). Each dependent variable was 

analyzed by a two way analysis of variance (-ANOVA) with repeated measures. Statistical 

difference between means was assessed by a post hoc Bonferroni test (SAS, 1985). 

Sigmficant differences were accepted at an a 5 0.05 Ievel. In the text, data are described as 

significant (p20.05) or non-significant (p0.05). 

Xnteraction Analysis 

The two independent variables analyzed were condition (Control, Acute, and 

Chronic) and time. Significant differences were sought according to the variation 

calculated for COND!.TION, TIME, and their interaction (CONDITION X Ri). When the 

interactionwas not significant, the main variable effect (CONDITION and TIME) was 

interpreted without further q ~ a l ~ c a t i o n .  h significant interaction showed that the change in 

a variable throughout time was different depending on the exercise condition. Data were 

then analyzed by one way ANOVA for CoNDrnonr or for TIME (SAS, 1985). 

Sample Size, and Graphical Presentation of Data 

All the data were time dependent, and because each subject exercised for a different 

duration before exhaustion, there was an unequal sample size for the variables at certain 

times within t&e group and between conditions. 

In prolonged steady state exercise, the graphic representation of the group mean 

data in the GN condition represent n=5 subjects at all time points up to SO minutes of 

exercise, and n==4 for the time points from 55 to 90 minutes. In the GDACUTE condition, 
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a-l 5 subjects were abk to mmplere 25 minutes of exercise, and the group mean data 

represent an n=5 up to that point. The Endpoint also represents n=J subjects in both 

treatments. The graphs were plotted up to 25 minutes of exercise and including the 

endpoint, to avoid the impression of discontinuity because of the difference in the number 

subjects at each data point. Aiso, to ir~clude all subjects in the analysis, statistical 

comparison of the GN and G D A C ~ ~ ~  data by ANOVA could only be done up to 25 

minutes of exercise, and at the endpoint of exercise. 

In ramp exercise, the presented group mean data represent data for n=S subj- bees at 

all time points, with one exception. At t=18 minutes, n=4 in the GM condition, n=2 in 

the GDACUTE and GDCHROxIC conditions, respectively. The group data at Endpoint 

represents n=5 subjects in all treatments. To i~clude all subjects in the analysis, statistical 

comparison of the three exercise conditions by ANOVA excluded the 18th minute of 

exercise. The data at the 18th minute of exercise are included in the graphs, but in some 

cases give an impression of discontinuity. 



PRELIMINARY TESTS 

A series of preliminary tests were carried out on the subjects to determine their 

suitability as subjects for this study. All subjects u7ere fit and active in recreational sports. 

The physical characteristics of the subjects participating in these experiments are shown in 

Table 1. Resting pulmonary function data of each subject, including FVC measured before 

and after ramp incremental exercise to exhaustion are shown in Table 2. 

Table 1 Physical characteristics of subjects, 

-- - -- 

Average 25.3 179.0 70.3 47.0 1.91 
R a q e  (22-30) (1 68- 187) (64-80) (33.1-57.0) (1.72-2-05) 

*SOS: sum of six skinfolds (Ross and Marfell-Jones, 1991) 
**BSA=Weigh@ Height-7" *7l.84 (DuBois and DuBois, 1916) 

Table 2 Resting pulmonary function measurements of subjects. 
Subject wc (P=> FVC (post) FEV 1 MVV 

ID# litres litres Iitres litres-min-1 
1 5.37 5.52 4.35 182.9 
2 5.35 5.28 4.85 226.8 
3 6.18 5.53 5.55 199.4 
4 5 -22 - 4.59 214.1 
5 6.95 6.7 1 5.03 207 -4 
6 6.18 6.03 5.16 239.4 

Average 5.88 5.8 1 4.92 21 1.7 
Range (5.22 - 6.95) (5.28-6.71) (4.35-5.55) (182.9-239.4) 

Volumes are in litres BTPS. FEVC, Forced Expired Vital Capacity: FEV 1, Forced 
Expired Volume in 1 sec; MVV, Maximum Voluntary Ventilation. 



The maximum aerobic power or VO2 ,, and rn&ximula work rate (WR,,) were 

determined from a ramp incremental exercise protocol at 30 W-min-1, from unloaded (0 

watt) pedalling to exhaustion. Individual and group data are s h o w  in Table 3. 

In each experiment a subject submitted a detailed diet recall sheet, and their 

nutritional intake was analyzed using D E T  MAC@) sof tw~e.  A summary of the dietary 

analysis is shown in Table 4. Subject #4 did not participate in a GDcHnohTc protocol, 

and did not submit a diet recall. 

Table 3 Physical work capacity of subjects deiermined on a cycle ergometer. 

Subject VQZ inax VE  ma^ %a HRma 
ID# (h.kr1) (1 min-1) (watts) (bmin-1) - 

1 4.96 170 413 192 
2 3.63 149 311 198 
3 3.8 1 183 298 201 
4 4.32 143 300 196 
5 3.68 1 67 324 202 
6 5.26 186 404 182 

Average 4.28 166 342 195 
Range (3.63-5.26) (143-180) (298-413) (182-202) - 

Table 4 The dietary composition of normal and ketogenic diets, 
Protein, carbo'nydrate (CEO), and fat values represent the individual and group mean 
percentage of the daily caloric intake. Energy intake is recorded in (MJoules). 

Subject 
ID# 

1 

Ic'ormal Diet 

CKO Fat Energy 
- 

47.1 8.2 35.7 8.58 
44.0 7.1 48.9 7.90 
21.5 9.1 69.3 8.82 
23.0 11.5 65.6 6.92 
9 2.5.7 22.4 44.9 4.30 

33.7 11.7 52.9 7.30 

(21.5- (7.1- (35.7- (4.30- 
47.1) 22.4) 69.3) 8.82) 

F-T 
6 

Ketogenic Diet 

Protein CHO Fat Energy 

17.5 42.5 39.9 18.01 
15.9 48.8 35.3 17.54 
15.0 5 1.9 33.2 9.21 
12.9 52.9 34.3 15.26 
12.2 65.9 21.9 25-32 

Average 1 14.7 52.4 32.9 17.07 

Range ' (12.2- (42.5- (21.9- (9.21- 
--- 17.5) 65.9) 39.9) 25.32 
-7- 



Tn order to compare the effect of several factors identified as potentially concribitting 

to the ventilatory response to dynamic exercise, 5 male subjects completed incremental 

ramp exercise to exhaustion in normal glycogen (GN), acute glycogen d q k t e d  

(GBACuTE), and chronic glycogen depleted (GDcHRoNgc) conditions. In the ramp 

exercise protocol, ENDPOD-?? was defined as the time of exercise beyond which a subject 

could not maintain the required pedalling frequency. 

MAXIMUM WORK RATE 

Each subject completed three increrrienral exercise tests to exhaustion in different 

states of glycogen repletion. In GN exercise, a subject achieved a significantly higher 

maximum work rate (WRMAX), reaching 343 + 27 watts, compared to exercise in the 

glycogen depleted states. In the GDACUTE and GDCHRO?;gC condition. the maximum 

work rate achieved declined to 321 2 29 and 3 19 2 22 watts respectively, a difference that 

was not significant. The group mean decrease in exercise time was one minute, from 

18.47 -+ 0.39 min. in the GN, to 17.46 2 0.37 min, and 17.46 + 0.50 min in the 

ZDAcUTE and GDcHRohTc conditions, respectively. 

VENTILATION 

The group mean ventilatory response to incremental exercise is shown in Fig. 1, 

together with other gas exchange variables. The individual ventilatory response is shown 

in Fig. 2. Incremental exercise produced an increase in the group mean pulmonary 

ventilation (YE) in the control, acute and chronic glycogen depletion states from 21.0 rtr. 

2.2, 22.5 t 1.1, 21.3 + 1.2 lemin-I during unloaded pedalling to 173.5 2 9.5, 172.1 2 

14.1, and 161.8 + 10.0 I-min-I respectively zit exhaustion. CE tended to be higher in the 
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Figure 1 Ventilatory and gas exchange responses (cE, GO*, G C O ~ ,  and R) to ramp 
incremental cycle ergometer exercise to exhaustion. All values are mean 2 SEh4. In each 
treament, n=5 at all time points with the following exceptions. At time=18 min., n=4 in 
the GN treatment, and n=2 in the G D x C ~ E  and GDcHao:;Ic trraments. The 
Endpoint valus with an n=5 in a11 treatments, represents the group mean value at the 
endpoint of exercise, irrespective of the total exercise duration of each subject. * 
Significantly different from GN (control) condition at that corresponding time @.<0.05). 
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Figure Z The individual ventilatory response (VE) to ramp incremental cycle ergometer 

exercise to exhaustion in relation lo the  g r o q  mean VE. Data for each individual subject 
are indicated by a subject ID ::umber. The group mean data points are expressed as in Fig. 
I .  
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glycogefi depleted stale, but &e digerence in VE between p u p s -  was sigr~~ficmdy greater 

in the GDACUTE and GDcHRo3Tc state relative to GN only between the 14th and 16th 

minute of exercise. The apparent, but non-represeniative, plateau in VE at the 18th. minute 

of ramp exercise represented da~a  from only two subjects who were able to complete this 

level of w x k  whiie Li a glycogen depleted state; because of the smdi n, a vatid statistical. 

comparison couId not be made at ~ l i s  point in time, however. Even though the group mean 

W R M a  a ~ d  rot$ exercise ellration was significantly less during exercise in a glycogen 

depleted state compared w4h the conoo! condition, maxiiim ventilation was 173.5 2 9.5, 

172.1 2 14.1, and 161.8 2 10.0 !.min-I respectively for G N ,  GDACUTE anu 

Gf)cmo~x;.,c exercise, and not sipif;,ca,dy different between the conditions, 

GXVGEN COIL'SUMPTZOX 

vOz was slightly, but not significantly higher at rest in the GEtACUTE (0.48 2 

0.02 krnin-1 ) and GDCHROxTC (0.39 4 0.03 kinin-1 ) state respectively, compared with 

the GN (0.36 9 - 0 4  l . r ~ i n - ~ )  conditim Fig. 1). During unloaded pedalling, oxygen 

uprake fio difference was obsenreci between ihe three groups. (9.88 2 0.06, 0.83 + 0.1 1, 

and 0.91 0.09 Pmin-1, respectively). As the work rate increased, increased in a 

tinear m m e r  in all thee exercise ti&. was significantly higher in the GDxcmE 2nd 

GDCHRCtsIC trials compsed with ths G S  Itria! after the 12,h minute of exercise. 

iiowever, at tbe poht of exhaustion, the difference in v O ~  between conditions was no 

longer significant. The goup mean peak oxygen consumption was slightly, but not 

sign%cmtly higher in the two glycogen dej$e:ed exercise conditions reaching 4.51 2 0.24 

slnd 4.60 2 0.1 8 imin-? in GDACUT~ and GE)CHROSIC respectively, compared wirh 4.35 2 

0.26 I?&-: & Gs exercise. 



In response to the r m p  increment in work rate, V C O z  also increased with 

increasing work rate (Fig 1). Unlike 'v'O2 however, K O 2  was not si,cpnificantly different 

during exercise in glycogen depleted subjects w i~h  respect to control exercise. Only at the 

point of exhaustion was K O 2  signifiicanrly lower in the GDACUTE state compared with 

control, but the absolute work rate was also lower. Maximum VCOz was 5.10 5 0.34 in 

GN compared with 4.72 5 0.31 in GDACUTE (pg .05 ,  GN vs GDACUTE), and 4.89 

0.26 lmin-2 during G-DCKROll~ exercise (non-significant, GN vs GDCKROxlC). 

RESPIRATORY EXCHANGE RATIO 

The effect of glycogefi depletion on V e  aid VCU2 during hagmental exercise was 

reflected by a significant change in the respiratory exchange ratio (R=vCOdV02j. X 

increased throughout inmemental exercise in all three exercise trials (Fig. 1). R was 

signifimrly lower during exercise in z bortl glycogen depleted states compared with the 

control condition, although so significant d'ifference was observed for R between 

GDACETE and GDcHRohT~xercise. Tnis difference was greatest at the endpoint, when 

R was 1.17 + 0.02 in the GN stare, compared with 1.05 2 0.04, and 1.07 0.04 for the 

GDACUTE and GDCHROxIC conditions, respectively. Since V C 0 2  was not si,q.ii'icantly 

different in zhe three exercise conditions, the iscrease in V O ~  in glycogen depieted exercise 

was predominantly responsibie for the smaller It observed. 

CO%WONENTS OF VENTILATION 

Tne ve~tilatory response (VE) was analyzal as the product of tidal volume (b) and 

vcntifatory kcque~ey LQ, as rhs: product of ir,spiratory d15vi: IfrTnI 1 and inspiratmy 

timing flI/rTOT). A cumparisor, of +E, v T , ~  VT,TI and TI/TToT at each work rate dilring 

ramp incremental exercise i r ~  t;be &see test conditions is shown i~ Fig. 3. 



TIDAL VOLUME 

The change in tidal vdume (VT, litres) in response to ramp incremental exercise is 

shown in Fig.3. No significant difference was observed in tidal volume (VT) between any 

of the three conditicns studied either at rest or during exercise. VT increased with 

increasing work rare from a resting value of approximately one litre per minute in all thee 

conditions to a relarive plateau aft :he 14th minute during very intense exercise (Fig. 3). 

At exhaustion: VT was 3.32 2 0.23,2.95 0.28, and 2.91 2 0.24 1 in the respective GN, 

GDACUTE, and GDcHRohrcconditions. Th& difference was not significant. 

VENTILATORY FREQUENCY 

The increase in pnLaoni~y ventilation in response to ramp exercise resulted fiom an 

increase in both tidal volume (Vr) and breathing frequency V() (Fig. 3). At rest, f was the 

same in d l  three metabolic conditions (GN = l0.4 F 0.7 vs G D A ~ ~ ~ E  = 10-6 + 1-1 YS 

GDCffRO?iIC = 9.8 2 1.0 breaths-min-1). During exercise, f increased with increased 

work intensity in all three giycogen states. There was a tendency forf to be greater during 

exercise in the glycogerl depleted staas compared to the control condition, particularly after 

the 12th minute of exercise when a noticeable increase in f was observed in the GDACmE 

and Gf)cH~osrc states. The difference was not statistically significant, however. At 

exhaustion, f was 60.8 2 8.3 breaxhs-min-l during G D A C U ~ E ,  and 56.8 k 5.7 

brca~hsmin-l in GDcaRolTC exercise compared with 54.6 + 4.2 breathsmin-1 in the @N 

state. 
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Figure 3 Components of ventilation (YE, VT,f, VT/'I',, T,/T,,,1 in response ro ramp 
incremental cycle ergometer exercise to exhaustion. All values are mean SEM. The 

. p u p  mean data points are expressed as in  Fig. I.  * Significar,:ly different from G N  
(conrol) condition at that corresponding time (ps0.05). 



THE DRIVE AND TIMING COMPONENTS OF VENTILATION (VT/TI, TI/TTOT) 

In the three metabolic states studied, the respiratory drive (VT/TI ) increased 

throughout incremental exercise reaching a peak value of 6.48 -1- 0.35, 6.36 -t 0.64, and 

6.1 1 2 0.43 1-sec-I in the GN, G B a c u ~ ~  and GDCHRONIC conditions respectively at the 

exercise endpoint (Fig. 3). Except for the endpoint value, VTfI; was consistently larger 

during both glycogen depleted states than in the GN state, suggesting a greater ventilatory 

drive. The difference was only significant at the 16th minute of exercise, when VT/Tx was 

si,gnifkantly greater in both glycogen depleted compared with the 61%- exercise condition. 

TI/TToT, a measure reflecting respiratory timing, decreased fram the onset of 

unloaded pedalling exercise throughout the test (Fig. 3). TI/TToT was not significantly 

different between exercise conditions. 

VENTILATORY TIMING: (TTOF, TI, TE) 

The relationship between the components of inspiratory timing (T,,,, TI, TE) at each 

work rate during ramp irmemental exercise in the three test conditions is shown in Fig. 4. 

Inspiratory time (TI) was calculated as the difference between the total time of one 

respiratory cycle (TTm) and expiratory time (TE) which were measured directly. TI, which 

decreased fiom the onset of exercise, was not significantly different in the three conditions. 

contrast, a small increase in TE was observed at the lower work rates of the exercise test, 

followed by a significant reduction in TE as exercise intensity increased towards 

exhaus~on. TE was modestly, bur significantly shorter after the 10th minute of exercise in 

both G D A C ~ ~ E  and G D c H ~ ~ ~ ~ ~  conditions compared with the GN state., but the 

difference was not si,pificant at the endpoint of exercise, TTOT, which also decreased 

tbu'oughout exercise, t e~ded  to be shorter during glycogen depleted exercise, h: was nip: 

sii,~sli_~,c;in_tiy &,iffe_ren: from GN exercise. 



Figure 4 Ventilatory timing components [inspired time (TJ, expired time (T,), and time 
of one complete cycle )] iu response to ramp increments! cycle ergornetw exercise to 
exhaustion. All values are inean & SEM. The group nlem data points are expressed as in 
Fig. 1. * Significantly different from GN (control) condition at that corresponding time 
(pg.05). 



The group mean relationship between VT (%VC) and TIand TE, in response to 

ramp incremental exercise is shown in Fig. 5.  Tne VT-T~-T~ diagram conFms that the 

increase in breathing frequency during ramp exercise (Fig. 3) was due to shortening of 

both TI and TE. 

Two ranges are apparent in the relationship between VT and TI. At low work rates, 

TI decreased linearly in relation to the increase in VT. At high rates of work, there is an 

obvious breakpoint in the relationship, when TI continued to decrease while VT showed no 

further increase, or a slight dec~ease. 

.'n the relationship of VT to TE , three ranges were discernable. In the first, at a low 

work r z ~ e ,  VT increased rapidly without a concomitant decrease in TE. In the second 

range, TE decreased almost linearly as Vt increased with work rate. As work rate 

increased, there was an obvious breakpoint, as TE decreased while VT remained relatively 

unchanged. 

P)u,ting exercise, the relationship between VT and T,, and between VT and TE seems 

to be affected by the available substrate supply. Exercise in glycogen depleted subjects 

compared with exercise in a control state shifted these plots. Thus, both inspiratory and 

expiratory time were reduced for an equivalent tidal volume in the glycogen depleted 

subject As a result, any given mean inspiratory or expiratory flow rate (VTJT,, or VTDE) 

was achieved by a smaller VT and a shorter TI or TE during ramp exercise in a glycogen 

depleted state compared with control. 
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Fig. 5 The relationship between tidal volume expressed as a percentage of vital capacity 
(VT, %VC) and inspiratory or expiratory duration (TI or TE, sec) from the onset of 
incremental cycle ergometer exercise to exhaustion. All data points represent the mean -t 
SEM of both variables. 

VENTILATORY EQUIVALENTS OF OXYGEN CONSUMPTION AND CARBON 

DIOXIDE PRODUCTION (GE /;ol, i' / ; c o ~ )  

Figure 6 shows the response of cEk02. cE /&312 and end tidal PO2 and PC02 to 

prolonged exercise. As mentioned previously, at t=l8 min in each graph, the data 

represent an n=2. The apparent discontinuity in the graphs, therefore, is not representative 

of the whole group. 



n e  mean ventilatory equivaient for oxygen consumption (GE /Go1) was constant in 

the early phase of incremental exercise in dl three exercise trials (Fig. 6). In each condition 

the group rnean CE/<~@ began to increase steeply at the 14th minute of exercise. The 

ventilatory equivalent for carbon dioxide production (+&c@) decreased moderately in the 

early stages of incremental esercise, then increased as work rate increased (Fig.6). Visual 

comparison of the data from each metabolic condition suggested a threshold rise in 

at the 15th minute in rhe GN conditions, and at the 14th minute of rarnp exercise 

in h e  GDACUTE and GEiCHRosIC state. However, the difference was not statistically 

significant between the three conditions. 

END TIDAL P O 2  AND P C 0 2  

End tidal PO2 decreased at the onset of exercise in both the control and glycogen 

depleted exercise conditions, rhen remained constant for several minutes despite an 

increasing work rate before it finally increased rapidly (Fig. 6). Examination of the rnean 

PETO2 suggested that the pcint of rapid increase in PET02 occurred approximately two 

minutes earlier (40 to 60 watts earlier) when subjects were in a glycogen depleted state. 

Tfiere was no significant difference in  the PETO2 observed, however, as a result of 

glycogen depletion. 

The change in PETC02 obsersed in response to incremental exercise was similar in 

all glycogen states (Fig. 6). The mean value of P ~ p 2 0 1  increased gradually in the early 

part of exercise, rhen reached a plateau for a brief period as the work rate continue to 

increase. After 12 to 14 minutes, PETCO2 decreased rapidly as the work rate continued to 

increase. The mean duration of the plateau phase of PETCO:! was not affected by the 

gjycogen depleted state of a siibject, but =the rapid decline in PETC02 occurred earlier in 

of exercise, part of the plateau phase, P E ~ C 0 2  was significantly higher in the GN, 

compared with either the GDACWTE and GDCHROMC state. 
5 6 
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Fieure 6 Ventilatory equivalent for oxygen uptake and carbon dioxide production - 
(+&Iz, ;&co2), and the end-tidal POz and PCOz   PET^^, PETCO~) in response to 
ramp incremental cycle ergometer exercise 10 exhaustion. Ail values are mean 2 SEM. The 
group mean data points are expressed as in Fig. 1. * Significantly different from GN 
(control) condition at that corresponding time (p@.Oj). 



HEART RATE 

The heart rate response to incremental exercise is shown in Fig. 7. At rest, HR in 

the GDACUTE condition was significantly higher than in either the GN or the 

GDCHROxIC condition. As expected, HR increased with increasing work intensity; 

however was significantly higher in GI)AcvaE condition compared with both the GN 

or the GDCHRoNIC condition up to and including the 14th minute of exercise. The 

maximum HR, however, was not significantly different when the three groups were 

coinpared at the endpoint, even though the work rate achieved was significantly less as a 

result of their glycogen depleted condition. 

CORE TEMPERATURE 

Ramp incremental exercise to exhaustion produced a similar elevation in a subject's 

core temperature in all three metabolic conditions (Fig. 7 ) .  Expressed as the DELTA T, 

(AT,: the difference between core temperature during exercise and core temperature at 

rest), exhaustive ramp exercise induced a 0.7 2 0.1 "C elevation in body temperature in the 

GN condition, which was significantly greater than a 0.5 10.1 "C and a 0.5 0.1 "C rise 

in the CDACUTE md GDcHnosrc scates, respectively. Although exercise in the control 

GN condition produced a greater maimrim AT, between rest and exhaustion, each subject 

also completed an average of one minute more intense work in the GN compared with both 

glycogen depleted conditions. 

RATING OF PERCEIVED EXERTIOS 

The rating of perceived exertion (RPE) increased in a linear manner in response to 

ramp incremental exercise to exhaustion (Fig. 7). Based on the WE, exercise was 

perceived to be significantly more difficult when a subject was glycogen depleted, at every 

subma;xima! work rate except t=8 min, alrhotlgh no significant difference in perceived 

exertion was observed -between the two glycogen ciepietd states. At exhaustion, WE was 

9.9 + 0.1 the GN conditioa, and 10.0 k 0 in the GDACUTE and GDcHROh.l(C 

conditions, respective1 y. 
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RPE 

q--.,.- 1 I,,. e 7 The heax? rate (HR), rectal temperature (ATc), and the rating of perceived 
exertion (RPE) in response to ramp incremental cycle ergometer exercise to exhaustion. AU 
values are mean + SEM. The group mean data points are expressed as in Fig. 1. * 

0 time (p~0.05). Significantly different from GN (conrroi) condition at that correspondin, 



MEMATOGRIT 

Hernoconcentration du%g all exercise conditions was reflected by an increased Hct 

(Fig. 8). The group mean Hct was increased significantly throughout the exhaustive 

exercise test compared with the resting state, but there was no significant difference 

between the group means of the GN, GDACUTE, and GDCHROhIC conditions. From 

rest to the exercise endpoint, hematocrit increased from 0.45 5 0.01 to 0.49 2 0.02 in the 

control GN condition; from 0.35 + 0.02 to 0.48 2 0.01 in the GDACUTE exercise ; and 

from 0.43 2 0.01 to 0.48 2 0.01 in the GDcHnosIc state. 

HEMOGLOBIhT 

The initial resting Hgb concentrarion was 150.0 14.1, 149 2 5.4, and 142.6 + 3.1 

g l - '  respectively in the GN, GDACOTE, and GDcHRoNIcconditions, and increased 

during ramp incrementd exercise (Fig. 8). At exercise endpoint, Hgb concentration was 

161.6 2 5.7, 158.0 i 5.6, and 156.6 2 3-6 gl- '  respectively for the GN, G D A C v * ~ .  

and GDCHRONIC states. The group mean hemoglobin was significantly increased 

throughout each exhaustive test compared with the resting value within each group, but 

glycogen depletion did not significantly alter the Hgb relative to the GN Hgb value. 

PLASMA VOLUME 

Ramp incremental exercise resulted in a decrease in group mean plasm volume 

from 56.7 t- 1.6%, 56.7 1.596, and 57.0 t 0.5% at rest in the GN, GDACUTE, and 

GDCHRONIC groups respectively, to 48.9 2 2.3%, 50.2 2 1.256, and 48.4 2 1.1%, 

respectively in the same three groups at the highest exercise intensit;? (Fig. 8). Expressed 

as a percentage change from rest, piasma volume decreased by 14.0 + 2.7%, 11.5 + 
1.596, and 15.1 + 1.6% in the GN, GDACCTE, and GDCHRoNIC states. The decrease 

was significantly different from ihe resting control value within each group, but not 

significantly different between exercise conditions. 



Figure 8 The p u p  mean change in hematoak @kt) ,  hemoglobin (Hgb), and plasma 
voime (APV) in response io ramp incremental cycle ergometer exercise to exhaustion. 
Values are means + SEM fur 5 subjecrs. 



Fig. 9 shows rhe group msan change in the concentration of blood ammonia 

( [ & J r ;  1): potassium ([K']). lactate ([La] 1, pH. and glucose du,ing ramp incremental 

exercise ro exhaustion. W%ere appro2riate ifi the text, the absolute value of the metabolires 

is com~zred ro  he concenmtion ce-irec:ed for m y  plasma volume shift during exercise. As 

a result of the mark& henoconcennation and decrease in plasma volume observed with 

increased exercise intensit;-: the zomaed metabolite cancenmtictn represents an effective 

aut ion of the metab~iiie. 

AMMONIA 

At rest, the goup  nesn pre-exercise venous arrsnonia concentration (hX3) was 

48.5 F 12.6 pM, 40.8 2 3.9 @A, and 42.5 2 4.9 p M  2t rest in the GN, GDACUTE, and 

GDCMRosIC metabolic states respectively (Fig. 9). MI; concentration increased 

~ a d u d l y  d~ring increment_& exercise to 125.7 + 14.5 p-M, 109.9 F 20.6 &I, and 105.1 + 
4 

16 j2411 in the GN, GDACCTE, and GDCHROIIC conditions at the endpoint of exercise. A 

furfher increase in venous 3333 concentration was observed during the early stage of 

ncoveq  in both the GN md GDcHRoYIc conditions, when a peak NH3 concentration of 

165.0 2 27-7 and 119.4 i 19.7 $\f was reached in the respective GN and GDCHROSIC 

state. the GDACGTE condition, the peak ammonia concentration was observed at the 

endpoint of exercise. During exhausrive exercise in all three metabolic conditions, the 

,"roup mem blood amrnoniz concenrration was consistently and signrjcicantly eievareci &om 

rest after the 12th minute of incretnenal exercise. However, no significant difference was 

determiid in blood m - o n i a  concenuation beriveen the conlr~l and glycogen depleted 

polar during exl.,austive exercise. Conec:iofi of :he blood l;n?ofiia 

corrcenzaGun fur a plarmz vaizxe s h i 9  dd;ll'ir,g incremental exercise &d not affect the 
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Figure 9 Blood metabolite changes (ammonia, w,]; potassium, [K+]; lactate, [La]: 
pH; Glucose) in response i~ ramp inczer~eniS cycle eigomeier exercise to exhanstioii. All 
values are mem + SEM. The group mean data points are expressed as in Fig. I. 
* Sipir'icantJg different from GN (control) condition at that corresponding rime (p50.05). 



P Q T A S S I ~ Z  

Resting group mean venous porassiun concentration ([K+]j was 4.4 + 0.2.4.3 2 

0.2, and 4.1 F 0. 1 in the G S ,  GDhCCTE. and GDcHxohTc conditions respectively (Fig. 

9). Within each group, [Ki] increased significantly from rest in response to unloaded 

pedalling, and continued to Sncrease steadily and significantly corripud with the resting 

concentration throughour exercise. K o  significant difference in &e xsponse of [K+] to 

exzrclss was obsened hetwcen rke three groups. The peak concentration of potassium, 

observed at the endpoint of exercise, was 5.5 + 0.3 mM, 5.8 2 0.1 d 4 ,  and 5.7 + 0.1 

m_M for GN, GDACCTE, and GDCHROSIc groups, respectively. When fK+f was 

corrected ([K+IcoR) f m  ihe 2iasrna volume shift, [R'jcox was consistently and 

signiEcmrly greater in the GDLiCUTE state tlan in either the GN or the GDCsRONIC 

LACTATE 

LLUte~i~g the g:ycogsn state of a subjecr resulted in a significant reduction in the venous 

lactate response to ramp exercise Fig,  9j. Resting venous lactate concentration ([La]) was not 

merent in glycogen depleted subjezrs. Ll ali ~hree metabolic conditions, a cumihear increase 

in &aj was observed as exercise intensity increased. The exercise-induced increase in the 

group 11.ean [La] was significanciy greater in the GN state conpared with b o ~ h  glycogen 

dcpletd conditions from &e t 15th minute of exercise onwards. Az rhe endpoint of exercise, the 

group mean L a ]  was 10.0 i 0.0 dtl, 6.: 10.6 EM, and 5.31 0.6 mM in the GN,  

G D X c c ~ ~  and G D C ~ ~ O h T C  condirions, rzspecevely. The peak venous [La] of 12.1 + 0.7 

1 ~ 3 1  was observed at the 5th recovery minute in ;he GN group. In the GDACUTE and the 

GDcHRosrc condition, rhe peak lactare concentration was observed 2.5 minutes into 

recoyery? slightly earlier &a1 the rime point of peak blood lactate concentration for the GN 

smup. Pedc lacrae concenzs~ion was 7.1 5 0.6 mM in GDACUTE and 7.6 2 0.7 mM the - 
r J D C ~ ~ t > s ~ c  conditions, respsctiveIy. CorrecGon of venous lactate concentra~on for plasma 
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shifts during exercise did not change the sratistical relationship of h e  metabolite between 

groups. 

pH, which was measured eveq 4th minute during ranp inc?rementd exercise, showed a 

marked effect of glycogen depletion. A greater acidosis was observed during exercise in tfie 

GN sate  compared with either glycogsn depleted conditions (Fig. 9). The group mean pH 

was h e  same in ihe t h e  exercise groups at rest (7.39 i 0.01 for GX, 7.38 t 0.02 for 

GDACUTE, imd 7.38 10.0: for GBCHROSIC), and in the early stages of exercise. In the 

GN condition, pH decreased drarnarical1-y dter the 12th minute of exercise. In contrast, the 

blood pH remained essentially constant :hroughout the exhaustive exercise protocol in the two 

glycogen depleted conditions. Only a small decrease in pH at the point of exhaustion was 

observed in each subject. At rhe endpoint of GN exercise, the group mean pH was 7.28 4 

0.01 and continued to decrease ro a minimum value of 7.21 F 0.02 by the 5th minute of 

recovery, compared with a pH minimum of 7.34 2 9-62 and 7.3 1 + 0.02 observed in 

GDAci:~E and GDcHRoxTc~~ilditi0ns, respectively. From the 16tfi minute of exercise: the 

,orup mean pH was significantly lower in rhe GN sondition compwed with the mu g!ycogen 

depleted states. 

At rest, blood glucose concentration was not affected simificanOy by grior glycogen 

de2letion. Tf-tro-tlghout ramp imxernentai exercise, however, depletion of muscle glycogen of 

m i~&~i03-1 -- -&fir yLLv to exercise r~su!red in a significant reduchon in Hood glucose concentration 

(Fig. 9). Blood glu~ose rended tr: rise in the GN condition iz the early stage sf  the exercise 

rest, whereas in h e  glycogen degleted srate, blood glucose tended to decrease from the onset of 

exercise. At the endpoint of exercise, the blood glucose concentration was 4.6 2 0.2 mM in 
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the GN condition, cnmpx-recl with 3.4 0.e and 3.? 2 0. f in tile GDACUTE and 

GDCHROhxC conditions, respectively. ?Vhen blood glucose concentration was corrected for 

2~ shift in plasma volume observed with exercise, there was no longer a si,@ficant difference 

between the GN and GDACUTE conditions; however the difference between the GN and the 

GDCHRONPC state remained significm t. 

XOREPINEPNRINE 

Plasma norepinephrine concentration was determined at rest, during unloaded 

pedalling exercise, at the 14zh minute, and at the endpoint of each exercise session. During 

exercise in the GDACCTE condition, it was not possible to obtain a blood sample for 

catecholamine analysis in one subject due to problems with the catheter, and data at the 4th 

minute, 14th minute, and endpoint represent the mean of 4 subjects only. Plasma 

norepinephrine increased significantly from its resting concentration in response to ramp 

incremental exercise in zi.3 h e  metabolic condisons (Fig. 10)- At rest, the group mean plasma 

nore~inephrine concenna~on was 1.3 i 0.3 nM in the GN, 1.9 -t 0.3 DM in the GDACUTE, 

an0 1.2 + 0.2 nM in the GDCHROxIC state. During exercise in the GDACUTE and 

GDcK40hlc stare, &e p u p  mem plasma norepinephrine concentration tended to be greater 

than in the GN condition, but the large inter-subject variation prevented detection of any 

si-gificant difference. At the edpoint of exhaustive exercise, the group mean norepinephrine 

concentration was i i .0 i 0.8 n31, 14.7 1 1.6 nM, and 14.6 rir 1.5 nM in the GN, GDACUTE 

a ~ d  GDCHR03zl;iC state, respec~ivtij;. 
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Figure 10 Plasma norepinephrine in  response to ramp incremental cycle ergometer 
exercise to exhaustion. Vzlues are nmeans 2 SEN for n=5 subjects, except in Li;e GDACCTE 
condition, where n=4 at 4 miil, 13 min, and Endpoint. 



RELATIOKSHIP BETWEEX VENTILATION AND MEDIATORS OF VENTILATION 
DURING RAMP EXERCISE 

Fig. i t  shows the inter-relationship between the response of ventilaticn (Ve) and 

breathing frequency to ramp incremental exercise, compared with several potential 

mediators of the ventilatory response. Venocis ammonia, potassium, pH, norepinephrine, 

and core temperature (ATc), which have been individually related to the stimulation of 

ventilation, are co~xpared. Individual scattergrams showing the relationship between the 

change in ventilation and each potential mediator of ventilation in reponse to ramp 

incremental exercies z e  shown in Appendix rv', Fig. 34-38. 

Ventilation, which increased in response to the incremental ramp protocol, was 

significantly greater at 14 and 16 minutes of exercise when subjects were glycogen 

depleted, but was not significantly 9ea:er at exhaustion compared with the control 

condition. In the control condition, however, the group mean exercise time to exhaustion 

was 18.5 10 .4  min, compared with 17.5 2 0.4 and 17.5 & 0.5 min in the GDACuTE and 

GDmROhTC conditions, respectkiy. At the dme when ventilation was significantly greater 

in the glycogen depleied con&tion, brereathg hqilency (f) tended also to be greater. The 

tachypneic responsp, observed in the glycogen depieted subject, alxhough not significantly 

=eater thm in the control condilrion, was still sufficient to ventiiation significantly, - 
since tidal volume showed no upwxd trend at this time (Fig. 7). 

Venous annonia  concentratiorr [hW3j, which increased in response to ramp 

exercise, was not significantly different in h e  glycogen depleted, compared with the 

control condition. The significant increase in ventilation during exercise in the glycogen 

dcpleted condiiion did not correspond with a consistent increase in [h'H3], although the 

rate of increase in hypsrmrnonernia seemed higher as exercise progressed. Venous 

potassium [K+] conce~trakxi, which increased steadily throughout exercise, also showed 

no sigrificant &fference in the conirol and glycogen depleted conditions. The tendency of 

[K"] to increasz rapidly at $8 R ~ E ,  tism dzcrcase at Endpoint, particularly in the control 

condition, reflected the progressively smaller number of subjects (GN, n=4; GDACUTE and 
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GDcwROmC5 n=2) who were able to continue to this point. This discontinuity in the goup 

mezn [K+f response is not matched by an equivalent deviatjon in VE, compared with the 

Endpoint vaiue. 

The response of venous pH (measured every 4 minutes) to ramp incremental 

exercise in the G?J condition remained unchanged initially* then decreased progressively 

after 12 minutes of exercise to the Endpoint. However, no equivalent decrease in pH was 

observed in either of the glycogen depleted stares. The timing of the decrease in pH 

corresponded with a non-linear increase in ventilation in the controi, CN condition. Thus, 

at equivalent time poincs in the glycogen depleted stares, a relative &dosis was present. 

The absence of a fall in pH in the glycogen depleted states, suggests that pH did not 

contribute to the signif;,cmt increase in venriiation observed in this condition. 

The profile of the change in norepineph1-ine concentration, measured at 4 min, 14 

rein, and at the endpoint of ramp incremenml exercise, shows a sirn2a.r pattern of increase 

to ventilation. The small number of norepinephrine samples, however, precludes a 

stringent comparison of t!e change ir! this potential mediator with the ventilatory data. 

Fig. 11 shows the progressive increase in core temperature as ATc, which 

increased progressively in response to ramp exercise. Tne absolute increase in core 

tempmture was significantly smaller. however, at the endpoint of exercise in the glycogen 

depleted subjects ( 0.5 + 0.1 "C in both the GDACUTE and GDCHRoNIC conditions) 

cumpared with ap increase of 0.7 + 0.1 "C in the GN condition. At the equivalent time 

when a significantly higher venrila~lon was observed in the glycogen depletd staie, core 

temperature was s i x  to sontro! condition. However, ir: was significmtly lower at the 

exhaustive endpoint of exercise. As previously noted, this may reflect the duration of 

exex+se, which was signiiicantly longer in tlze GN conciition. 
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Fig. 11 Effects of ramp incremental exercise on minute ventilation (Vej, breathing 
frequency, venous ammonial potassium, pH, norepinephrine, and change in core 
temperature (ATc). All values are means 2 SEM. * indicates significantly different from 
the GN (control) condirion. 



CORRELATION UP RATING OF PERCEIVED EXERTION WITH BHYSIOEOGICAL 
AND BIOCHEMICAL MEASURES DURING RAMP INCREMENTAL EXERCISE 

During ramp irncrernentd exercise, the group mean W E  increased in parallel with 

the ramp work rate (Fig. 7), although R E  was significantly greater during exercise in both 

the GDACUTE and GDCHRON~c conditions. Table 5 shows that WE measured during 

exercise in rhe GN con& tion correlates strongly viith several physiological and biochemical 

measurements. In $1 3 exercise conditions, the strong correlation of WE with AVE and 

BHR is most consistent, although the relarionship with A[iUIX$, A[K+], AIr\i'E], &La! and 

AT, is relatively consistent between each condipion. W E  show a strong negative 

I Ion. conelation with ApH only in the 6 N  con&' 

Table 5 The Pearson correlation coefficient of thc change in W E  (AWE) versus A;~,  
A[NH3], A[K+3, ApH, d[La], AHR, AWE], ATC, and A Glucose in response to ramp 
incremental cycle ergometer exercise. The deia. (A) values were calculated as the difference 
from rest in each variable at a specEc tine poiit. The correlation coefficients were 
calculated from data collected dwhg the erne pe15A indicated. In each condition, the 
correlation coefficients were determined for exercise from 4 minutes to Endpoint. The 
number in parentheses indicates the (n) for each conelation coefficient. 



SCTMMARY: RESULTS OF RAMP EXERCISE 

Ramp inciemental esercise to exhaustion resulted in a characteristic increase in 
. * 

ventilation and gas exchange. Ln the early siage of the raxp, VE , VO2, and VCOz increased 

in proportion to the metabolic demand of exercise. In the later, =ore intense phase of the 

ramp, the h e  course of < T ~  and +co2 accelerated and deviated from rhe linear metabolic 

response. Time to exhaustion (and therefore maximum work ratej was also significantly 

shortened dlming exercise in both the G D A ~ ~ ~ E  and GDcHRohTc condition compared 

with the control, G S  state. VE was significantly greater during the intense, but less than 

maximal phase of exercise in the glycogen depleted states compared with the control 

condition, although h e  maximum VE was not significantly different. 

The relative hypenmtilztion observed in the glycogen depleted subjects resulted 

primarily from an increase in breathing frequency. VT&, assumed to reflect ventilatory 

drive, was signrficaiitly greater ar high work rates duriig exercise in the glycogen depleted 

state cornpared with the connoi. condition. Analysis of the VT-TrTE diagram showed that 

for any given tidal volume, bs:h inspkatorq' acd expiratory time were shorter in glycogen 

depleted, compared wi~$  control subjects. As a result, any given mean inspiratory or 

expiratory flow rate FTtT,, 01 ''riT/TE) was achieved by a smaller VT and a shorter TI or TE 

during exercise in glycogen depleted, compared With connol conditions. 

Ramp incremental exerciss produced an elevation in vmous a _ ~ i o n i a ,  potassium, 

norepinephrine and lactzte in both the control and the glycogen depleted conditions. Blocd 

l actate concentration was significantly reduced during exercise in &e giycogen depleted 

state relative to tile c o n ~ o l  condition, but the respective concentration of venous ammonia, 

po~ssium, and norepinephrine were not significantly altered by prior glycogen depletion of 

m* the subjecrs. rne progressive mmboiic acidosis obsersed in the controi exercise 

condition, was coEpiece3y atrenuaied ifi glycogen depleted siibjzcts. Core temperature, 

which rose in response to exercise, was not significantly different when a subject was 

glycugen depleted 



Glycogen deplerion significantly increased a subject's perception of effort during 

ramp incremental exercise. Several of the potential mediators of ventilation , as well as 

AVE, correlated strongly with perception of effort (WE) during ramp exercise. While the 

rime dependent nature of these variables is recognize& a d  no cause-and-effect relationship 

is implied by the analysis, :hese observarions provide inreresting insight into the 

physiological and biochemicd factors which may contribute t:, perceived exeLztion during 

exercise. 



The ventilatory response to prolonged steady state exercise was examined during 

exercise in a GN and GDacuTE condition, and compared with several potential 

mediators of ventilation. 5 male subjects performed submzximd excrcise at 50% of rhe 

'iXiffmax determined in the preliminary i q  incremental test (Table 3). During prolonged 

- exercise. endpoint of exercise was defined as the point at which each subject could no 

longer rnairitain the i;ed&i?,g frequency at m assigxd work rate, or 90 minutes after the 

step increase in, ~vork 7 - i ? ~ .  

The graphic ~cp;eszntation of group mean data in the GN condition represent data 

for n=5 subjects at atl time points up to 50 minutes of exercise, and n=4 for the time points 

from 55 to 90 minutes. In the G D X ~ ~  condition, all 5 subjects were able to complete 25 

minutes of exercise, and the group mean data rep-esent an n=S up to that point. The 

Endpoint also represents n=5 subjects in both treaments. The graphs were plotted up to 25 

minutes of exercise and including the endpoint, to avoid the impression of discontinuity 

because of the difference in the nrtmber subjects at each data point. Also, to include $1 

subjects in the amlysis, statistical comparison of the @M and GDACUTE data by ANOVA 

codd only be done up to 25 minutes of exercise, and at the endpoint of exercise. 

WORK DURXTI ON 

The mem exercise time for prolonged steady state exercise at 50% ' c X ~ a  was 

reduced from 82.0 2 8.0 minutes irl the control GN condition to 33.4 4.5 minutes in the 

GDACUT~ condition , and averaged 43.3 2 8.3% of the control exercise duration. In the 

ccnml GN condition, one srrbject stopped exercise at 50 minutes, which included 5 

minutes of unloaded pedalling and 45 minutes at 50% WRmax. The remaining four 

s~bjects completed 95 minutes cf exercise, including 5 mimres of unloaded pedsihg at the 

onset of exercise. In the GDACUTE condition, two subjects were unable to continue 

beyond 25 minutes, while one stopped at 30,35, and 50 minutes. 
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T r ~ % ~ f  LATION 

The group mean ventiIatory response to prolonged exercise is shown in Fig. 12 

compared with other gas exchange variables. The individual venrifatoi-y response to 

prolonged exercise a? 50% WRmax in relation to the group mean VE is shown in Fig. 13. 

A srnail increase in minute ventilation (VE) was observed between rest an unloaded 

pedalling (5 minj, folfoweci by a rapid Increase in VE to a steady state value when 50% 

WRmax load was applied Fig. 12). The GE at rest in rhe GN condition was 9.0 i 1.4 

I., rising to a steady sta:e value of 66.0 2 3.5 1. by the 10th minute of exercise which was 

then remarkably constant until approximately 70 minutes of exercise, A gradual upward 

drift in ventilation froom this time resulted in an endpoint GE of 86.7 i 5.1 1. in the G N 

condition. 

Glycogen depletion of 2 subjecl: significantly affected the ventilaiory response to a 

step increase in work rate. The goup mean VE was similar at rest (GN = 9.0 2 1.4 l-min- 

1 and GDACUTE = 12.0 F 1.6 1-min-1) during unloaded pedalling fGN = 24.7 2 1,8 

lmin-1 and GDACUTE = 23.1 t 3.8 lamin-l) in the G N  and GDACUTE conditions, 

respectively. However, once the W Q I ' ~  rate increased to 50% 70nax, the group mean VE 

was consistently higher in the GDACUTE compared to the GN condition, and this 

Gffercnce was significant from 15 min of exercise. The mean & also drifted upwards 

fkom the onset of the step increase in the work rate in the GDACUTE state: rather than 

attaining a prolonged plateau as was observed in the GN condition. The maximum 

difference was obselved at the point of exhaustion, when rhe goup  mean VE was 

significantly higher at 56.7 2 5.2 1-min-I in rhe GN state compared with 1 12.4 2 15.7 

:.--I in the GDACCTE condition. 
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Fig. 12 Ventilatory and gas exchange responses (VE, VO;, VCOZ, and R) to prolonged 
cycle ergometer exercise at 50% WTFTFmax. Ail values are mean 5 SEM. In t\z G N  
treatment, n=5 until 50 min. and at tne Efidpoint, and TI.=$ "u?.veen 55 and 95 min. In the 
GDAcuTE ireatnnene, n=5. The Endpoint V ~ C P  represents group mean valw at the 
endpoint of exercise, irrespective of the total exercise duration of each subject. * 
Significantly different fiom GN (control) conhtion at that corresponding time (p~O.05). 
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Fig. 13 The individual venfilatory response (VE) to prolonged cycle ergometer exercise 

at 50% miRmax in relation to the gioup mean VE. Data for each individual subject are 
indicated by a subject ID number. The group meaq data points are expressed as in Fig. 12. 

Glycogen depletion did not significantly affect the h2 observed at rest or during 

udoaded pedalling. However, a step increment in work rate from unloaded pedalling to 

individual's 50% %RmW produced a rapid rise in $oz, and the group mean steady state 

W I ~  was significmtly from 17.5 minutes of exercise in the GDACETE condition compared 

wirh exercise in zhe GN stare (Fig. 12). At the point of exhaustion, the group mean VO;? 

was 2.40 + 0.12 1-min-1 in the GN condition compared with 2.57 2 0.15 1-min-I ir, the 

GDACUTE condition. 



CARBON DIOXIDE PRODUCTION 

V C O ~  u7as not different between conn-01 and acute glycogen deleted subjects either 

at rest or during unioaded pedalling tTig 12). At t!\e onset of tk step increase in work 

rate, <'c@ rose with a rapid exponential response in a similar manner ro that obseived for 

b2. The difference in GCO~ between the GN and GDACuTE exercise was not significant 

throughout exercise. At exhaustion, the group mean K O 2  was 2.15 2 0.09 1-min-I and 

2.32 2 0.17 lmin-I in GN aid GD&CLTE conditions respectively. 

RESPIRATORY EXCHANGE RATIO 

The respiratory exchange rario (R=vC02/\702j reflected the effect of glycogen 

depletion on substrate utilization. A t  rest the group mean R was 0.91 & 0.03 in the GN 

condition and 0.82 2 0.02 in G D A c c ~ ~  condition (Fig. 12). During exercise in both the 

GR;' and GDACCTE condition, R increased steeply at the onset of exercise to a peak value 

of 0.98 + 0.05 in the Glaj condition and 0.91 in the GDACUTE condition, then gradually 

declined as the steady state submaximal exercise continued. At the endpoint of exercise: an 

R value of 0.90 was observed in both groups. The group mean R value was significantly 

lower up to the 20th minuze of exercise in the GDACUTE state compared with the GN 

condition. 

CQMPO~TNTS OF VENTILATION 

The output of the respiratory system was analyzed. in terms of pulmonary 

ventiladon (CE ) and its two traditional components, tidal volume (VT) and ventilatory 

frequency Cf), as well as components of ventilation proposed by Milic-Ernili and Grunstein 

(1976), inspiratory drive ( V ~ f i )  and inspiratory timing (TIET,). A comparison of ve , 
V-i-, f, AiT,'TI , and T a r n  at each work rare during pmionged steady stare exercise is 

shown in Fig, 14, 
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Figure 14 Pulmonary ventilation (GE) and the components of ventilation (VT; f . VT/TI, 
TIITTfX) in response to prolonged cycle ergomerer exercise at 50% mmax. All values are 
mean 2 SEM. The group mean data points are expressed as in Fig. 12. 
* Significantly different from GN (control) condition at that corresponding t h e  ( ~ ~ 0 . 0 5 ) .  



TIDAL VOLUME 

The response of tidd volume (VT, iitresj to prolonged exercise is shown in Fig. 14. 

Glycogen depletion did not s i ~ ~ c a n t l y  affect a subject's tidal volume (VT) at rest, (GS = 

1.1 1 2 0.17 1 versus GDACUT~ = 1.13 2 0.19 1) or in response to unloaded pedallin,o 

(GN = 1.38 & 0.10 1 versus GDACcTE = 1-39 t 0.20 1). In both the 6.3 aqd 

GDacuTE condition, VT increased rapidly with the onset of a 50 % JXR?If-4x step 

increment in work rate. However: as exercise progessed, there was a gradual decrease in 

the group mean VT from the onset of the step increment in work rate to the endpoint of 

prolonged steady state exercise. 

Unlike GE, which was greater during exercise in the GDacuTE state, VT. tended to 

be smaller during exercise iii glycogen depleted subjects, but the difference was not 

statistically significant. At the point of exhaustion the group mean VT was 2.25 2 0.22 1. 

in the GN condition and 2.01 2 0.14 1. in the CDACUTE condition. Because VT, which 

decreased during prolonged exercise, could not have contributed to the elevation in VE 

observed during exercise in glycogen depleted subjects. 

VENTILATORY FREQUENCY 

The diiference in pulmonary ventiladon (cE) during prolonged steady state exercise 

between the GN and GDACUTE state resulted from a relative increase in breathing 

frequency (f) in the G D A c u ~ ~  condition. In the GN exercise test, f increased rapidly at 

the onset of exercise, and showed a steady upward drift after 70 minutes of prolonged 

exercise (Fig. 14). This corresponded with the onset of the upward drift in cE. Breathing 

frequency increased from 8.3 + 0.8 breathsemin-I at rest, to a plateau value of 24.3 k 1.4 

breaths-minmini at the 10th minute of exercise, then increased to 39.3 rt 3 breaths-min-1 at the 

endpoint of exercise in &e GN condirion. 



At rest, and during unloaded pedalling, f was not affected by the prior deyletion of 

muscle glycogen. However, once the work rate increased, the difference in breathing 

frequency between a subject ir! fhe control and acute giycogen depleted state became greater 

as the duration of exercise progressed. Breathing frequency was consistently higher in 

the glycogen depleted subject, and significantly greater after 20 minutes of exercise. At 25 

minutes of exercise, f was 25.5 2 1.6 breaths-min-1 in the GN condition compared with 

45.8 & 9-6 breaths-min-I in the G D A ~ ~ ~ E  condition. The difference was greater at the 

endpoint of the exercise, when f was 29.3 F 3.0 Hz in the S N  condition compared with 

57.2 2 8.9 Hz in the GDACUTE condition. 

THE DRIVE (VT/TI) A h 9  T ~ I I N G  (Tr/TToT)C OMPONENTS OF VENTILATION 

In the GN condition, VT/T, increased rapidly at the onset of steady state exercise, 

then remained at a plateau until after the 80th minute of exercise when a gradual upwsrd 

drift in VT/Tl was observed (Fig. 14). Exercise in a glycoger, depleted state was 

accompanied by a slight increase in VT/T, relative to the control condition, and this 

difference was significant in the 1at:er phase of exercise. The pattern of the change in 

TIETOT responded as a mirror image of VTE1 (Fig. 14). TIT;-,, decreased with the onset 

of exercise, then remained essentially constant throughout exercise. TIETm tended to be 

greater during exercise in glycogen depleted subjects, but overall this difference was not 

significant. 
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Figure 15 Ventilatory timing components [inspired time (TI), expired time (T,), and time 
of one complete cycle (TTOT )] in responses to prolonged cycle ergometer exercise at 50% 
WRmax. All values are mean 2 SEM. The group mean data points are expressed as in Fig. 
12, * Significantly diffeient from GN (controi) condition at that corresponding time 
(~10.05). 



VENTILATORY TIMING (TTOT, TI, TE) 

The relationship between inspiratory timing cornponects (TToT, TI, TE) during 

prolonged steady state exercise in the GN and GDAc-L:TE conditions is shown in Fig. 15, 

Inspiratory time (TI) was calculated as the difference between the total time of one 

respiratory cycle (TTOT) and expiratory &me G), each of which were measured directly. 

At ;he onset of exercise, there a rapid decrease in the total time of one breath cycle 

(T,,) in both the GN and GDACUTE condition was observed. This rapid decrease in TTor 

at the onset of exercise, was effected by a noticeable shortening of TI, while TE decreased 

only slightly. After the initial decrease, remained constant until after the 70th minute 

of exercise in the GN condition, when there was a gradual but sigrGficant reduction in Tm 

by the endpoint of exercise. 'This reduction was caused by a decrezse in TE. TTOT was 

significantly shorter in the GDsCUTE condition after the 22.5 minutes of exercise 

compared with the GN condition, which was caused by a significant reduction in TE. TI 

was nor significantly different throughout exercise in either condition studied. 

THE RELATIONSHZP OF TIDAL VOLUME TO INSBIRATORY AND EXPIRATORY 
DURATION 

The ITT-TI-TE diagram in Fig. 16 shows the group mean relationship between tidal 

volume (%VC) and respiratory tiring (TI and TE), in response to prolonged steady state 

exercise at 50% ma. At the onset of the step increase in work rate, there was a rapid 

increase in tidal volume and breathing frequency, resulting ffom a reduction in TI, without a 

decrease in TE. A steady decrease in Vt was observed as exercise continued, with a 

concomitant, gradual shortening of both TI and TE . This was reflected by an increase in 

breathing fr-equency. In response to prolonged exercise, there was no obvious breakpoint 

in the relation between VT and TI, or between VT and TE 

During prolonged exercise, substrate supply obviously affected the relationship 

between VT and TE, without altering the relation between VT and TI, since expiratory time 

was shorter at any given VT during exercise in glycogen depleted subjects compared with 
8 3 



their exercise in a control state. Thus, during prolonged exercise in glycogen depleted state, 

the compaative increase in breathing frequency resulted primarily from a reduced 
PT* expiratory time compared to the control condition. ~ n e  reduction in expiratory time also 

resulted in an increased expiratory flow rate (VTflE, 1.min-') at any given VT in the FD 

compared with_ the GN condition. 

+ Control 

Acute 

Fig. 16 The relationship between tidal volume expressed as a percentage of vital capacity 
(h, %VC) and inspiratory or expiratory duration (TI or TE, sec) during prolonged steady 
exercise at 50% inMAX. AU data points represent the mean + SEh4 of both variables. 
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VESTILATORY EQUTVALENTS Or" OXYGEN ~OKSli iMPTiGN ANE CARBON 

DIOXIDE PRODUCTION (irE 160 2, GrE /$co~) 

The ventilatory equivalents of oxygen consumption and carbon dioxide production, 

observed during prolonged steady stale exercise, are shown in Fig. 17. The group mean 
s 

ventilatory equivalent for oxygen consumption was relatively constant throughout 

steady state exercise in the GN condition, and began to drift upwards after the 70th minute 
. . 

of exercise. In the GDACCTE condition, the p a p  mean V&Q2 tended to be higher than 

in the GN condition at the onset of the step increase in work rate, but the difference was 

not significant. 
t 

The group mean VEfiTCo2 was greater during exercise in the GDACUTE condition 

compared with the G N  state. This difference was also greater in magnitude than the 

difference in the ventilatory eqiivalent for oxygen observed in the two conditions. The 

Mference in the C E / k 0 ?  between the GN or GDACUTE condition however, was not 

statistically significant. An upward drift in the proup mean &JkCXlz was also observed 

after the 70th minute of prolonged exercise in the CN state, which corresponded with the 

upward drift in vE. 

E Y D  TIDAL PO2 AND 

A comparison of the PETOZ and PErCOz response to prolonged steady state 

exercise is shown in Fig. 17. The mean PET02 decreased at the onset of exercise, and 

attained a relative plateau as exercise continued. In the GN condirion, the mean PET02 

tended to 'be lower and more consant at about 105 Torr, compared with the gradual upward 

drift ir, the mean PETOZ fro= the onset of exercise in the GDAcmE condition. An upward 

drift was also observed in the group mean PET02 in the GN condition, but only aftel the 

70th minute of exercise, at the same point that a similar pattern was observed with ~&oz .  

Throughout exercise in the glycogen depleted state a steady increase in the mean PETO~ was 



observed, but ~tle difference cornpared with the GN condition was not significant. In the 

GDACLTE conditton, an npward ~ f t  in PETO2 to 118 Torr by the endpoint of exercise 

was observed. 

The goup mean PETCO2 increased rapidly from rest at the onset of unloaded 

pedalling and in the first few minutes after the onset of the step increase in work w e ,  but 

after the first few minutes of steady state exercise, the mean PFTC02 gradually declined as 

exercise continued. The g o ~ p  mean &TCO2 was higher during exercise in the GY 

condition than hi GDACLTE condition, but this ciiffcrence was not significant. 

HEART RATE 

-4 comparison of the grasp mean heart rate response to steady state exercise in a 

normal and glycogen depleted state is showr~ in Fig 18. Heart rate was significantly 

higher at rest and throughout exercise in the GDXCUTE condition compared with the GN 

condition. At rest the mean HR was 73 2 4 bpm in the GN condition compared with 89 ;t 

6 bprn in GDacuTE condition. Once exercise began, there was an initial rapid increase in 

HR, followed by a slow upward drift in IXR in both the GN and G D A C U T ~  condition. At 

the endpoint of exercise, the group mean HR was 173 2 6 bpm in the GN condition 

compared with 182 + 3 bpm in the GDACUTE state. 

Core temperature (T,) increased slowly and steadily during prolonged steady state 

exercise (Fig. 18). The glycogen depleted condition did not significmtly affect the initial 

core temperature, which was 36.8 L 0.l0C in the GN and 36.7 + 0.1' C.in GDACUTE 

state. When the change in core temperature during exercise was expressed as the AT,, or 

the difference between core temperature during exercise arid core temperatme at rest, 

prolonged steady state exercise induced a mean elevation In body temperature of 1.84 + 
0.14 "C in the GN condition, compared with a 1.38 + 0.23 "C rise in the GDACUTE state. 

At exercise endpoint the group mean Tc was 38.6 + 0.2 "C in GN subjects compared with 
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35.1 + 0.2 "C in GDAcuTE subjects. In the GK condition of course, the esercise duration 

was significantly longer tha.. for h e  GDACUTE state. 

RATING OF PERCEIVED EXERTION 

The rating of perceived exertion ( R E )  increased throughout :he prolonged exercise 

test (Fig. 18). Beginning with the onset of unloaded pedalling, there was a significantly 

greater WE at any equivalent time point during steady state exercise in the GDACUTE 

condition compared with GN. In the GN condition, there was a noticeable increase in 

RPE after rhe 65th minute of exercise. While the variability in the response between 

subjects increased as exercise progressed, evidenced by the larger standard enor, overall 

the difference in the mean W E  between the GIV and the GigACuTE condition was 

significant throughout prolonged steady state exercise. At the endpoint of prolonged 

steady state exercise when W E  was 7.8 + 1.2 in the GN compared with 9.6 2 0.2 in 

GDACCTE state. 

H E ~ ~ A T O C R I T  

The mean hematocrit (@kt) increased significantly compared with the Hct value at 

rest as a result of prolonged steady state exercise in both the GN and the GD,$C~;TE 

condition (Fig. 19). There was a trend towards a lower hematacrit at equivalent absolute 

work rates in the GDACUTE compared with the GN group at all times, but the difference 

only bordered on significance (p<O.OS), The group mean Hct increased from a resting 

value of 0.45 t 0.01 to 0.49 + 0.01 at the endpoint of exercise in the GN condition, and 

from 0.43 -t- 0.02 to 0.47 t 0.02 at exhaustion in the GDACUTE conditions. 



HEMOGLOBIN 

In both the GX arid the GDACCTE groups, prolonged exercise produced a 

significant increase in rhe mean hemoglobin concmnation compared vvith the resins value. 

At rest the group mean Kg0 mas 151.4 i 6.0 gi- '  in the GN conditioil, and 145.4 f 5.8 

0.1-' in the GDAcuTE condirion, compared with 161.8 f 6.2 g l - I  and 161.8 f 5.3 g1-' at P 

their respective endpoints. However there was no significant difference obsewed between 

the G S  aid GEiAcCTE conditions. 

PLASMA VOLUME 

As a resu!t of prolonged exercise, plasma volume decreased from rest to tbe 

endpoir,~ of exercise, from 55.3 t 1.4 to 46.6 + 1.5 in the GN condirion, and from 56.4 2 

-, * 0.9 to 49.4 + 1.6 in the GBACCTE state, respectively. 1 nls represented a net decrease in 

the group mean plasma volume of 15.8 5 2.0 % and 12.3 F 3.1% in the G N  and 

GDlICUTE states respectively, from rest to the endpoint of prolonged exercise p i g .  13). 

The decrease was significantly different fmm rest, but no signiscanr difference was 

observed when the decrease in the = e m  plasma volume in the GX and GDACLTE 

condition were compared. 
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Figure 17 Vendlaton, equivalents for oxygen uptake and carbon dioxide production 
* m 

(<'U<-~2. V f l T C 0 2 )  ad rhe and-tidal PO? and PC02 (WT02, PETCO~) in response to 
prdo3ged cycle ergometer exercise at 50% WXmax All values are mean 2 SEM. The 
gmu? =em &tri pokts arc expressed. as in Fig. 12. 
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Figure 18 The heart rate (HR), rectal temperature (ATc), and the rating of perceived 
exertion in response to prolonged cycle ergometer exercise at 50% WRmax. All 
values are mean 5 SEM. The group mean data points are expressed as in Fig. 12. 
* Significantly different from GN (control) condition at that corresponding time (~50.05). 
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Figure 19 Hermtorxit (Hcr), hemoglobin mgb), and change in plasma volume (AF'V) 
in response to proionged cycle ergometer exercise at 50% WRmax. Vdues are means f. 



BLOOD B~ETABOLITES 

A comparison of the goup meaq response of venous potassium, lactate, ammonia, 

glucose, and pH in response to prolonged steady state exercise in the GN and G D A c c ~ ~  

condition are shown in Fig. 20. In the text, the blood metabolites have been expressed 

both as the absolute value measured, and as the concentration corrected for any plasma 

volume shift during exercise. Correction for the marked hemoconcentration and decrease 

in plasma volume observed during prolonged exercise intensity results in an effective 

dilution of the corrected metaboiite concentration. 

AMMONIA 

The response of venous ammonia (IVH3) to exercise was significantly affected by 

glycogen depletion pig. 20). The group mean NH3 concentration was lower at rest in the 

GDACUTE state (32 + 2 tiMj compared with the GN state ( 52 t 9 KM), but the difference 

was not significant. After the initial rise at the onset of exercise, the mean NH3 

concentration of GN was relatively stable between 20 and 60 minutes. NH3 increased 

from 105 2 12 pM at 60 min to 146 2 25 pM at the endpoint of exercise in the G N  

condition. 

In the GDACUTE condition, NHj concentration increased more rapidly at the onset 

of prolonged steady state exercise compared with the GN condition, and a significantly 

greater increase in the group mean NH3 concentration was observed after 20 minutes of 

exercise compared with the observed response in the GN state. The final concentration of 

IUH3 was 146 + 25 following exercise in the GN state compared with 171 -+ 15 pM in 

the GDACUTE state, which was a significant increase from their respective resting 

concentration. Because of the upward drift in ammonia in the GN state, the concentration 

of ammonia was not significantly different at the endpoint of exercise. Correction of the 

ammonia concentration for the change in plasma volume did not affect the level of 

si,@ficance between the control and the glycogen depleted state. 
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P O T A S S ~  UM 

Prolonged steady state exercise ifidwed a sigi5fictini elevation irl venous potassium 

concentration ([K+]) in both the GN and GDACrjTE condition (Fig. 20). The mean resting 

concentration of Ki was 4.2 + 0.1 mM and 4.4 L 0.2 mM, in the GN and G D A C U ~ E  

states respectively, which increased immediately at the onset of exexise. At the endpoint 

of prolonged exercise in the two conditions, the group mean venous [K+] was 5.1 + 0.1 

mM in the GN and 5.2 + 0.1 mM in the GDACUTE state respectively. This was 

significantly greater than the respective resting concentration . Throughout exercise, [ P I  

tended to be higher in the GDAcrjT~ condition compared with the control metabolic state. 

This difference however, between the two conditions was not statistically significant. 

When the [K+] was corrected for a plasma vdume shift with prolonged exercise, the 

difference between the two conditions remained non-significant. 

LACTATE 

The increase in venous lactate concentration [La] was also significantly altered by 

prior glycogen depletion of the working muscles in response to steady state exercise, as 

shown in Fig. 20. At rest and during the early stage of exercise, the mean plasma F a ]  in 

the GN and GDACETE state was not significantly different. From the 15th minute of 

exercise, there was a clear separation between the venous lactate response to the prolonged 

exercise stimulus in the GN compared with thi: GDACUTE state. In the control metabolic 

state, the group mean [La] reached a peak value of 5.0 + 0.8 rnhl at the 22nd minute of 

exercise, after which time it gradually decreased to 3.6 + 0.3 mM at the endpoint of 

exercise. Under glycogen depleted conditions, a smaller increase in lactate was observed in 

the early stage of prolonged exercise to a peak concentration of 3.3 & 0.3 mM at the 12th 

nzinute ~f exercise. After this, the &a] decreased to a mean value of 2.9 + 0.2 mM at the 

point of subjective exhawtim s f  the subject. Tfie differmce in p a ]  between the GN and 

GDACUTE condition was significant after the 15th minute of exercise, excluding the 

endpoint of exercise. Correction of the venous lactate concentration for the reduction in 
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plasma volume with exercise did not change the level of significance fur differences 

between the two groups. 

pH 

At rest the group mean venous pH value was similar in the two metabolic 

conditions studied, but throughout the prolonged steady state exercise test, the mean pH 

value was significantly higher in the G D A C U ~ ~  condition (Fig. 20). At the 25th minute of 

prolonged exercise, a time which all subjects were able to complete in both the control and 

glycogen depleted protocol, the mean pH was significantly lower in the GN (7.37 + 
0.004) compared with the GDACUTE (7.45 2 0.02) state. In the control condition, pH 

reached a nadir by the tenth minute of exercise and gradually increased as exercise 

continued. At the endpoint of prolonged exercise the pH was nut different between the 

two states of initial intramuscular glycogen. At this time, the group mean pH was 7.44 

0.02 in the GN compared with 7.46 + 0.02 in the GDACUTE state. pH corrected to the 

subject3 core temperature, concomitant with the blood sample, was also significantly 

higher in the glycogen depleted state. The similarity in pH at the endpoint may be 

accounted for by the difference in duration of exercise in the glycogen depleted state 

compared with the control. 

GLUCOSE 

At rest, the group mean blood glucose concentration was significantly lower in the 

GDACUTE subjects compared with the GN condition; (5.0 + 0.3 mM and 3.5 2 0.4 mM 

in GN and GDACCT~ respectively). Once exercise began, the group mean blood glucose 

concentration decreased more rapidly in the control than in the glycogen depleted state. 

After ths: 10th minute of exercise, the difference in biood glucose was not significant 

betweer! the tsvo goups. At the endpoint of exercise, the group mean blood glucose 

concentration was 3.94 k 0.19 mM in the GN condition, compared with 3.80 + 0.51 in 

the GDACUT~ condition (Fig. 20). This difference was not significant. 
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Figure 20 Blood metabolite changes (ammonia, [NH3]; potassium, [K+]; lactate, [La]; 
pH; Ghcose) in response to prolonged cycle ergometer exercise at 50% tVRmax. All 
values are mean + SEM. The group mean data points are expressed as in Fig: 12. 
* Significantly different from GN (control) condition at that corresponding tune (~10.05). 



NOREPINEPHRINE 

Plasma norepinephrine concentration was determined at rest, at the end of unloaded 

pedalling (5 min), at 20 minutes, and at the endpoint of each exercise session. Ln the GN 

condition, a sample was obtained from each subject at all time points. In the @DBCUTE 

condition however, the catecholamine vahes at 30 and 40 minutes represent data from only 

one subject, and were therefore not included in the statistical analysis. Plasma 

norepinephrine increased significantly in response to proionged steady state exercise from 

its resting concentration of 1.3 It 0.2 nM and 1.7 F 0.3 nM in the GN and the GDACUTE 

conditions, respectively, to 10.1 1 1.9 nM and 10.1 k 1.7 nM at the endpoint of exercise in 

the GN and the GDACUTz condition, as shown in Fig. 21. The difference in plasma 

norepinephrine concentration between the glycogen depleted and the the GN condition was 

not significant. 

Norepinephrine (nM) 

.I4 -1 
Control GD-Acute 

5 20 Endpoint 
Exercise Time (min) 

Figure 21 Plasma norepinephrine in response to prolonged cycle ergometer exercise at 
50% WRmax. Values are means 2 SEM for 5 subjects. * Siapificantly different from GN 
(control) condition at that corresponding time (p10.05). 



RELATIONSHIP BET'C7.'EEN VENTILATION AND MEDIATORS OF VENTILATION 
DURING PROLONGED EXERCISE AT A CONSTANT M~ORK RATE 

The response of ventilation (VE) and breathing frequency to prolonged constant 

work rzre exercise is compared with several potential mediators of the ventilatory response 

in Fig. 23. The group mean response of venous anmonia, potassium, pH, 

norepinephrine, and core temperature (ATc), which individually have been proposed to 

stimul2te ventilation, were compared. To visualize the relationship between the change in 

ventilation and each potential mediator in response to prolonged, constant work rate 

exercise, individual scattergrams are shown in Appendix IV, Fig. 39-38. 

Ventilation showed a gradual upward drift after 70 min of prolonged exercise in the 

CN codition and tended to be higher fiorn the onset of exercise ir, the glycogen depleted 

subject. This difference was significant from 17.5 min onwards. The rapid increase in 

ventilation in the first 5 =inutes of the step increase in work at the onset of exercise was not 

matched by an equivalent increase in any mediator of ventilation measured in this study 

Neither venous ammonia nor potassium, which increased from the onset of exercise, had a 

time cowss that was sufficiently fast to account for rfie sudden increase in ventilation at the 

onset of exercise. The change in venous pH, which decreased at the onset of exercise, and 

was significantly higher in the glycogen depleted subject, also could did match the 

observed increase in ventilation at the onset of exercise. The slow increase in core 

remperamre increased at the onset of the work rate did not match the initial rapid increase in 

ventilation. 

In the control, G X  condition, ventilation remained relatively constant at 

approximately 65 litres from the 10th to the 70th minute of exercise. During this time, 

[hTH3] increased from 90 to 1 10 pM, [Kf] remained constant at 5.0 mM, pH increased 

from 7.34 to 7.60, and temperature rose by 1.1 'C. A noticeable upward drift in 

ventilarion was observed in the lass 20 minutes of prolonged exercise in the control 

condition, to 86.7 + 5.1.min-1, an increzse of >20 litres from the 70th minute of exercise. 

The positive drift in ventilation was caused by an increase in breathing frequency. Over the 



specific period of time when ventilation showed a positive drift in the control condition, 

[WH3] increased from 110 to 146 pM, [Kf] increased by 0.1 mi? to 5.1 mM, pH 

continued to increase to an Endpoint value of 7.44, and ATc increased by a further 0.2 "C. 

Norepinephrine increased in response to constant work rate exercise, but was only 

measured at 5 min, 20 min, and at the Endpoint of exercise. Thus a direct comparison 

between it, and the pattern of change in ventilation, could not be made. 

The initial increase in ventilation in the glycogen depleted condition, which tended 

to be greater from the onset of exercise compared with the control state, could not be 

accounted for by an obvious increase in any of the mediators of ventilation relative to the 

control value measured in this study. Up to the 17.5 minute of exercise: the concentration 

of ammonia and potassinm, and the change in core temperature, were not significantly 

different in the glycogen depleted compared with the control condition, Although pH was 

significantly bigher in the glycogen depleted group, this relative alkalosis is opposite to the 

change in mi] expected to stimulate ventilation. However during exercise in the glycogen 

depleted condition, ammonia concentration continued to rise, and was significantly greater 

from the 20 minute of exercise compared with the control condition. At this time, 

ventilation continued to increase, with a concomitant increase in ventilatory frequency. 

During prolonged exercise in the glycogen depleted condition, neither potassium nor core 

temperature were sizgn5cmtly greater compared with the control state. 
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Fig. 22 Effects of prolonged constam work rate exercise at 50% WRMhX on minute 
ventilation (Ve), breathing frequency, venous ammonia, potassium, pH, norepinephrine 
and change in core temperature (ATc). All values are means + SEM. 
* indicates sipficantly different from the GN (control) cocdition. 



CORRELATION OF RATING OF PERCEIVED EXERTION WITH PHYSIOLOGICAL 
ANG BIOCHEMICAL ~ I E A S U R E S  PROLONGED EXERCISE 

During prolonged exercise at a constant work rate of 50% WR,, for each subject, 

the group mean subjective rating of perceived exertion increased with exercise duration 

(Fig. 18) W E  was also significantly higher during exercise in a glycogen depleted state. 

Table 6 shows that a subject's RPE measured from the onset of the step increase in work 

rate to the Endpoint in the GN condition correlates most strongly with A[&%], A[N%3], 

ApK, A[K+], ATc, and ACE. Unexpectedly, however, the correlation of W E  with ApH is 

positive. During the latter portion of exercise, from 60 minutes to the Endpoint, RPE 

correlates most strongly with LIVE, A[NH33, and a fall in blood glucosc concentration. 

During exercise in the GDACUTE state, W E  is most strongly correlated with A[h , j ]  and 

Table 6 The Pearson correlation coefficient of the change in RPE (ARPE) versus A+& 
A[NH3], A[K+], ApH, A&B], m, A[NE], ATc, and A Glucose in prolonged steady state 
exercise at 50% WRmax. The delta (A) values were calculated as the difference from rest in 
each variable at a specific rime point. The number in parentheses indicates the (n) for each 
correlation coefficient. 

Condition1 A + ~  A[.[NH31 A[K+] AppH APa] AHR A[NE] ATc AGlucose 

GN: (60 
min -"t 
Endpoint) 

0.50 0.49 0.04 0.25 0.27 -0.19 0.02 -0.67 
(28) (28) (28) (18) (28) (28) (28) (18) 



SUMMARY: RESULTS OF PROLONGED EXERCISE 

Prolonged steady state exercise at 50% WRkfAY increased VE , VOz, and V C O ~  at 

the onset of the work rate. In the early stage of exercise in the control glycogen condition, 
. . 
VE, VQ..L~ and v C Q ~  were relatively constant. However as exercise progressed, a griadual 

upward drift in VE was observed. VE was significantly greater during prolonged steady 

state exercise in the GDACvTE condition compared with the control, GN state, aithough 

the total exercise time tolerated by an individual was significantly reduced . 

The ventilatory drift observed during prolonged exercise was associated with a 

gradual decrease in tidal volume, but a higher ventilatory frequency. A gradual upward 

drift in VTI'T~, assumed to rerlect ventilatory drive, was observed during prolonged 

exercise in the E N  state, and was higher during exercise in the glycogen depleted state 

compared with the control condition. Analysis of the VT-TI-T, diagram showed that during 

prolonged exercise in a glycogen depleted state, expiratory time was shorter at any given 

VT compared with a control state. nus, expiratory flow rate (VT/TE, 1-min-l) was 

increased in the GD compared with the GX condition, without a significant change in 

inspiratory flow rate (VT/T~, 1-min-I). 

During prolonged exercise in the control, GN, condition, venous ammonia 

concentration first increased at the onset of exercise, then showed a later, secondary rise as 

exercise progressed. Venous potassium concentration also increased at the onset of 

exercise, but then remained constant for the remainder of exercise. pH, which decreased 

slightly at the onset of exercise, gradually and progressively drifted upward, so that by the 

end of exercise, a relative alkalosis was observed. Exercise in the glycogen depleted state 

resulted in a greater increase in venous ammonia concent~ation, no difference in venous 

potassium, and a reduction in venous lactate accumulation compared with exercise in the 

control condition. In the glycogen depleted state, pH also tended to increase fiom the onset 

of exercise. Norepinephrine increased significantly in both the control and the glycogen 
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depleted conditions. Core temperature, which increased gadualiy and continuously 

throughout prolonged exercise, was not significantly different ar any given time point 

a subject was glycogen depleted. 

fr, response to proloaged exercise in the controi exercise condition, the pattern of 

change in ventilation was compared with ~ ~ ~ ~ 1 ,  [K+j, [NE], and Tc. Because pH 

increased throughout prolonged exercise, which is opposite to whar trght be expected if 

Hf played a significant role in the stimulation of ventilation, it was discomted as a 

ventilatory mediator under &ese conditions. The perception of effort (WE) Lhroughout 

prolonged exercise was significantly Beater at any giver, time point when a subject was 

glycogen depicted. RPE was most strongiy correlated with A G ~ ,  A[XH3j, A[NE]. and 

ATc. 



MESCLE GLYCOGEP; 

Although glycogen concentraiion from biopsied muscle was not analyzed in the 

presenr study, seved factors suggest &at mscle glycogen was si,snificanrly reduced in the 

CDSCLTE and GDGmOh~c condition; respectively. 

E x h  subject cctmpletcd a snenuous glycogen depletion protocol which involved 

prolonged sready state exercise, followed by repeated supmnaximal sprint intervals. This 

was fo!!owed by a ketogenic diet containing a reduced carbohydrate content and a high 

proportion of protein and far (Table 4). A similar exercise and diet protocol has been 

validated previously by analysis of a muscle biopsy to produce low intramuscular glycogen 

(Bergscrom, et al., 1967; Goiinizk, er al., 1973; Gollnick, et a!., 1974; Heigenhauser, et 

al., 1983; Vollestad and Blom, 1985). 

At every work rate in both prolonged and ramp exercise, the R value was 

si~gnZcantly reduced in ti?e glycogen depleted state, compared with the control (Fig. 1,12). 

A reduced R vdue reflects a sh3r in substrate utilization towards a greater reliance on fat 

and a reduction in the propo~~ion of carbohydrate metabolized (Jansson, 1980). 

A changed substrate selection and carbohydrate supply were a s o  reflected in the 

reduced group mean blood lactate concentration &wing exercise in a glycogen depleted state 

Eig. 9,301- This observation has been reponed in numerous other studies (Karlsson and 

Saltlr?, 1971; Jansson, 1980; Jacobs, 1981b; Hughes, et al., ?382; Harpeaves, et af., 

1984). 

Glycogen depletion was accompanied in each subject by a significantly reduced 

blood glucose concentration both at rest and in the early stages of prolonged exercise? a_nd 

throughout rzmp exercise (Fig- 9, 20). These observations are similar to previous 

observations (Jansson, 1980). Some studies, however, have reported no significant 



difference, at least in resting blood glucose, in different states of glycogen depletion and 

dietary manipulation (Kirvim, et al., 1990j. 

Glycogen depleted subjects fatigued sooner in both the incremental and the 

prolonged steady state exercise than in the control metabolic state in the present study 

(Table 5, 15). It has been well established previo~sly that depleted intramuscular glycogen 

is cofrelated with reduced exercise performance Karlsson and Saltin, 1971; Jacobs, 198 la; 

Hughes, et al., 1982; Hargreaves, et al., 1984). 

VENTILATION AND BREATHING PATTERN 
* 

In the present study, pulmonary ventilation (VE) was significantly incxeased by 

glycogen depletion in response to prolonged exercise, and during intense raTp incremental 

exercise. These results agree with the previous studies by Hughes, et al., (1982) and 

Keigenhauser, et al., (19831, Segal and Brooks (1979) and Green, et al., (1979). 

However, Podolin, et al., (1991), reported a decrease, and McLellan and Gass (1989bj 

showed no change in VE in response to exercise in the glycogen depleted, compared with 

the normal glycogen state. 

During ramp exercise, vE increased in response to the incremental work rate by 

increasing tidal volume and breathing frequency (Fig. 3). A similar pattern of increase in 

GE was described by Hey, et al., (19661, who reported that tidal volume increases linearly 

with an increase in &, up to a tidal volume a b u t  half the vital capacity. With a further 

increase in VE, ITT plateaued, and VE was au-wented by an increase in the frequency of 

breathing. Several other studies have c o n f i e d  this change in breathing pattern in 

response to incremental exercise (Lind, 1954; Lind and Hesser, 1984a; Mekjavic, et af., 

198% Mekjavic, er aE., 1991). 

The present study also agrees the previous observation that prolonged steady state 

exercise resuIts in a steady upward drift in pulmonary ventilation (Costill, 1970; Dempsey, 

er al., 1977; Wasserman, 1978; Martin, et al., 1981; Hanson, er nE., 1982). The pattern 



of ventilation, however, is remarkably different from that observed during incremental 

exercise. The positive drift in ventilation during prolonged exercise in the contra1 and 

zlycogen depleted condihon is associated with a reduction in VT, and a concomitant - 
increase in breathing frequency. This sBategy to increase pulmonary vE is cbnsidered 

inefficient (Dempsey and Manohar, 1992). If the dead space to tidal volume ratio (VD:VT) 

increases: which would occur with an increase in breathing frequency and fall in tidal 

volume, alveolar ventilation will be reduced, and PaC02 will rise. In the present study, 

PaC02 and VD were not determined. However, end tidal PC02, which gives an indication 

of the change in PaC02 in a normal healthy individual, decreased in response to the upward 

drift in ventilation in prolonged steady state exercise (Fig. 17). At a high metabolic rate, 

the alveolar-arterial difference in PC02 is slightly negative (Cecetelli and Di Prampero, 

1987). Thus the PETC02, measured in this study, may underestimate PaC02 during 

prolonged exercise. 

The increased breathing frequency obsemed in the present study mirrored a 

reduction in the time of a breathing cycle, TToT (Fig. 15). While inspiratory time (Ti) 

remained relatively constant throughout prolonged exercise, a significant shortening of 

expiratory time (TE) reduced T T O ~ ,  and increased f. These results during prolonged 

exercise are similar to those of Cunningham and Gardner (1972, 1977) who produced the 

same change in breathing pattern in man by a hypercapnic drive to &. Kay, et al., (1975) 

also observed that in steady state exercise the increase in breathing frequency correlated 

well with a steady decrease in TE. 

It has been suggested that the metabolic cost of breathing will increase if the 

reduction in the expiratory time is sufficient to bring the expiratory flow rate to the limit of 

the maximum flow:volume loop (Petersen, 1987; Shma:, et al., 1987; Henke, et al., 

1988; Dempsey and Manohar, 1992). Estimates which have been made of the cost of 

breathing during exercise suggest that 15-20% of the total 0 2  uptake is due to the cost of 

breathing in humans at a ventilation above 100 lamin-I (Petersen, 1987). This has been 
105 



confirmed by the measurement of diaphragmatic blood flow and meriovenous i)2 

differences in the dog (Bye, et al., 1983). In exercising ponies, 14- i5% of the total 

cardiac output is diverted to respiratory muscle at maximum work rates (Manohar, 1990). 

In the current study, the metabolic cost of respiratory muscle activity was not 

assessed. However, during prolonged exercise, the positive drift in VE was not 

accompanied by a concomitant rise in V 0 2  (Fig. 12); in the incremental exercise test, VOz 

did not deviate from a linear increase associated with the ramp increment in work rate (Fig. 

i). One might expect an upward deviation in V O ~  in the above conditions if the metabolic 

cost of ventilation is high. Without an additional increase in V02,  then the respiratory 

muscles must divert 0 2  from active skeletal muscle, thereby increasing their reliance on 

glycolysis for energy production. This may contribute to lactate and Hi production, 

especially during ramp exercise. However, in the present study? it is not sufficient to result 

in an increase in lactate or Hi accumulation in the later stage of prolonged steady state 

exercise, when both blood lactate and mi] decreased (Fig. 20). 

DRIVE AND TIMING COMPONENTS OF iE 
The present study is the first to repon that glycogen depleted subjects have a 

significant increase in ventilatory drive (VT/TI ) in both prolonged steady state, and ramp 

incremental exercise to exhaustion, compared with equivalent exercise in a normal 

metabolic state (Fig. 3, 14). The derived timing component of ventilation, T1/TTo~, 

showed an initial drop from rest at the onset of steady state exercise, the.n increased 

progressively with exercise duration. An initial reduction in TI/TrOT was also observed at 

the onset of ramp incremental exercise, which plateaued as exercise intensity increased. 

VT/TI reflects the intensity of neuromuscular inspiratory drive, and TI/TTBT 

represents inspiratory timing (Milic-Emili, et al., 1981). An increase in VTfTI has 

previously been associated with an increase in the activity of inspiratory a-motorneurons 

during inspiration (Mdic-Emili, et al., 198 1 ; Milic-Emili, 198 3). Several studies have 



shown that exercise increases VT/> (Askanazi, et al., 1979; Hesser and Lind, 1983; Lind 

and Hesser, 1984a). TI/TTOT has been reported to increase throughout incremental exercise 

(Hesser and Lind, 1983; Lind and Hesser, 1984a), or to increase up to twice control CE, 
then reach a plateau (Askanazi, et al., 1979). 

Environmental conditions may also affect the pattern of breathing. Maiiinet a]., 

(1979) observed that an increase in body temperature of 0.8"C increased breathing 

frequency and reduced tidal volume at a constant GE, although the drive (VTEI) and timing 

(Tr/rTOT) components of ventilation were unaffected by this increase in core temperature. 

Hypoxia stimulates VE predominantly by stimulation of peripheral chemoreceptors 

(Cunningham et a!., 1986). Increased GE observed during hypoxic exercise was 

associated with a significant increase in VT/% suggesting increased respiratory drive, but 

no change in TIETm (Mekjavic et al., 1987). Hypobaric hypoxia significantly increased 

both the VTEI and TI/'TTOT components of ventilation during exercise (iMekjavic et al., 

1991). 

THE EFFECT OF GLYCOGE~V DEPLETION ON THE RELATIONSHIP BETWEEN 
TIDAL VOLUME AND RESPIRATORY TIMlING PATTERN DURING EXERCISE 

The VT-TI-T, diagrams show the relationship between tidal volume and respiratory 

timing during ramp (Fig. 5 )  and prolonged steady state exercise (Fig. 16). For 

comparison, Fig. 23 shows the pattern of the group mean VT-TI-T, response to ramp 

exercise in the GN condition superim~osed on the breathing pattern observed during 

prolonged exercise. 

In glycogen depleted subjects, the pattern of the VT-TI and VT-T, relationship 

altered in response to both ramp and prolonged exercise. During ramp exercise, the pattern 

in the Vi-TI-TE diaijraii is siinilw in controi and giycogen depleted subjects, but the curve 

is shifted (Fig. 5). Thus a lower tidal volume was generated for any given TI or T, during 

exercise in glycogen depleted subjects compared with controls. 



Daring prolonged exercise, the predoIlitn,ant affect of gQcogen depletion appears oa 

the VT-T, plot (Fig. 16; Fig. 23). Throughout exercise, TE gradually decreased with only 

a small reduction in VT. 

The duration of inspiration and expiration are affected by the summation of cenn-al 

drive and volume-related factors, although the relative importance of each factor during 

exercise is not fully understood. TI is shortened by negative feedback from pulmonary 

stretch receptors through the Hering-Breuer (H-B) reflex (Berger and Horbein, 1989), by 

input from the pneumotaxic cenm (Cohen, 1979), and by an increase in activity of an 

inspiratory 'off-switch' (Euler, 1983). 

-+ Control 

-+- Acute 

R a m p  (Ghi) 

Fig. 23 The VT-TI-TE diagram showing the relationship between tidal volume and 
inspiratory or expiratory duration during prolonged steady exercise at 50% W R h I A ~ .  The 
dashed lines represent be  VTT, and VT-T, relationship observed during ramp incremental 
exercise in the GN condition. The isopleths radiating from the origin are mean inspiratory 
(VT/TI, 1-sec-I) and expiratory (VT&, 1-sec-I) flow rates corresponding to the group mean 
value at each indicated point. The flow rates were calculated at 4 min, 14 min, and at the 
endpoint of ramp incremental exercise, 



In the Hering-Breuer reflex, first descibed by Hering and Breuer in 1868 and 

reflected in the VTTI diagram, TI is the time taken before the feedback from the pulmonary 

stretch receptors has reached sufficient strength to inhibit inspiration. The H-B reflex, 

relatively weak in humans at rest, increases in activity when tidal volume increases (Berger 

and Hornbein, 1989). When tidal volume reaches aboilt 50% of the vital capacity, a 

breakpoint is typically observed (Hey, et al., 1966). A further increase in ventilation is 

achieved at a constant tidal volume by an increase in breathing frequency. The shift to the 

left in the VT-TI relationship in response to ramp exercise is the glycogen depleted 

condition suggests that in this condition, the sensitivity of the HE3 reflex has increased. 

Input from the pneumotaxic centre in the upper pons may also affect inspiratory 

duration. Cohen (1979) observed that discrete stimulation of the pneumotaxic centre 

induces a premature termination of inspiration. Furthermore, von Euler (1983) proposed 

that an inspiratory "off-switch" is activated when a rising centrally-generated inspiratory 

activity, in combination with increased afferent pulmonary stretch receptor activity, reaches 

a critical threshold value. Once this happens, the inspiratory motorneurons are inhibitd 

for the duration of the subsequent expiration. An increase in central inspiratory activity 

(CIA) reflects the rate of rise of activity of inspiratory a-motorneurons during inspirafon, 

which in turn reflects an increase in "respiratory drive", or increased chemical or other 

stimulus to breathing (hlilic-Emili, er al., 198 1; Milic-Emili, 1983). 

According to the von Euler model, the pneumotaxic centre norrndly exerts a 

threshold-lowering influence on the inspiratory "off-switch" mechanism (Euler, 1983). In 

the present study, a lowering of the "off-switch" threshold could also explain the shift to 

the left of the VT-T, curve in glycogen depleted subjects. It is possible that a change in 

chemical or thermal stimuli present during glycogen depleted exercise changes the 

sensitivity of the "off-switch" tkieshold. The shortening of inspiration seen in response to 



a raised body temperature has previously been explained by this mechanism, possibly 

mediated by descending hypothalamic projections (Petersen, 1987). 

The duration of expiration (TE) is influenced by the activation of expiratory 

muscles, by an increase in activity of a volume-related expiratory off-switch, and by 

respiratory braking (Mzlic-Emili, et al., 1987). TE is affected most at greater respiratory 

drives, when the high expiratory flows encountered are caused by active expiratory efforts 

of abdominal muscles (Petersen, 1987). Although less is known about the mechanisms 

terminating expiration, or 'triggering' the following inspiration, these may both involve a 

central-expiratory control which inhibits expiratory-inhibitory switching (Petersen, 1987). 

This activity declines with time during expiration, and eventually allowing inspiration to 

start. 

The breakpoint observed in the VT-T~ diagram in response to ramp exercise (Fig. 

5) suggests onset of increased expiratory a-motorneuron activity in both control and 

glycogen depleted subjects. Campbell and Green (1953, 1955) have reported that in 

humans, significant abdominal muscles activity increases only when ventilation reaches 70- 

90 1.min-1. However, the overall shift to the right in the VT-T, diagram in response to 

ramp exercise in glycogen depleted subjects may reflect an increased sensitivity of an 

expiratory 'off-switch', or in central-expiratory control. Again, sensitivity may change 

with altered chemical or thermal stimuli present in the glycogen depleted state. 

It has also been suggested that increased upper airway resistance during exercise 

may reduce a maintained diaphra,gnatic activity during expiration, and increase activity of 

the posterior cricoarytaenoid muscle (i.e. widening of the glottis) and the abdominal 

muscles, which together would lead to increasing expiratory flow rates (Petersen, 1987). 

At my poim on the T=~-TI-TEdia,o;ram, a line extrapoiated through the origin reflects 

the isopleth of &e mean rate of inspirztory and expiatory flow (Lincl and Hesser, i984bj. 

Thus, during ramp exercise, any given mean inspiratory (VT/TJ or expiratory flow (VT&) 

was achieved at a smaller VT and shorter TI or TE. The mean inspiratory flow reflects the 
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intensity of the total respiratory drive, which in turn determined the 'central inspihatory 

activity'; mean expiratory flow has been associated with a given recoil pattern of the lung 

and chest wall (Petersen, 1987). 

Petersen and Vejby-Christensen (1977) observed that during short duration steady 

state exercise, inspiratory and expiratory time may fluctuate without influencing inspiratory 

or expiratory flow. Thus, on the VT-TI-TE diagram, the mean inspiratory and expiratory 

flow would have a cluster of points surrounding a single isopleth of inspiratory or 

expirztox-y flow, 

This is not the case in prolonged steady state exercise when a significant ventilatory 

drift is observed. Following the isopleths of mem inspiratory and expiratory flow in the 

VT-TI-T, diagram in Fig. 23 shows that as the duration of prolonged steady state exercise 

increased, mean inspiratory flow rate was not affected, but the mean expiratory flow rate 

increased significantly. This strategy to inmease pulmonary ventilation is different to the 

increase in both inspiratory and expiratory flow rate observed in response to ramp 

incremental exercise. 

During prolonged exercise in the present study, several factors may account for the 

si,gificant reduction of TE during exercise ir, glycogen depleted subjects (Fig. 23). Either 

active expiration is present, and increases in activity in glycogen depleted subjects, or the 

threshold of the expiratory 'off-switch' is decreased. The sensitivity of central-expiratory 

control (which inhibits expiratory-inspiratory switching) may also have increased, leading 

to an earlier initiation of inspirarion. The primary reason for the reduction in TE in this 

study is not clear. 

It is probable that at the start of GDXCUTE exercise, each subject was not fully 

recovered from the strenuous GN exercise session, based on resting HR and blood lactate 

iTabie 5, 15). At the onset of GDCH~OKIC exercise, howwer, it seems that the basic 

physiological variables used monitor recovery had returned to baseline values. In response 

to ramp exercise in glycogen depleted subjects, the shift in the VT-TI-TE relationship was 
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similar in both glycogen depleted conditions compared with the control state (Fig. 5). 

Thus, while the lasting effect of prior exercise may have affected certain physiological 

variables at rest, the similarity between the ventilatory response observed in the GDACUTE 

and GDcHRoSTc conditions suggests that immediate prior exercise was not primarily 

responsible for the merence observed compared with exercise in the control condition. 

In tihe current study, a significant increase in oxygen consumption was observed at 

an equivalent work rate in both, ramp and prolonged exercise when subjects were glycogen 

depleted compared with their control condition. Carbon dioxide production, however, was 

not significantly different. during exercise in the glycogen depleted and the control 

condition. The R value, an index of rnuscie substrate metabolism, was significantly lower 

in each glycogen depleted state indicating a shift towards increased fat oxidation by 

working muscle (Jansson, 1980). 

In the present study, the difference in the group mean ?@ between subjects in the 

control and both glycogen depleted conditions, gradually increased during ramp 

incremental exercise (Fig. 1). By the 16th minute of the ramp, YO2 was 14 and 18% 

higher in the GDACUT~ and GDCHRosIC states respectively, compared with the control 

elvcogen state. At the endpoint of ramp exercise, Gozma was not significantly different 
CI - 
when the control and either glycogen depleted state of the subjects were compared, 

although the group mean WR,, at the point of exhaustion was 17% less in both glycogen 

depleted conditions compared with the control state. During prolonged exercise, G02 was 

consistently 4% higher when the subjects were glycogen depleted compared with the 

control state. 

Heigenhatiser, el ai., (1983) also reported that at any given power output, VO2 was 

5 to 20% higher during incremental exercise when muscle glycogen was reduced 

compared with a contml state, although C C O ~  was similar in the two exercise conditions. 
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V02max was also similar in the above study between exercise in the control and glycogen 

depleted conditions, although subjects completed an average of 14% more work in the 

control condition. Similar data were reported by Jansson (198O), who observed a 

comparable elevation in V O ~  and lower R value in glycogen depleted subjects exercising at 

a constant work rate of 65% \TO;?,,. Broberg and Sahlin (1988) reported a smaller, but 

significant increase of 6.7% in V@ during steady state cycle exercise at 60-70% VOz,, in 

glycogen depleted subjects compared with controls. In the latter study, VC02 was also 

significantly higher and R, aithough not reported, was calculated from their gas exchange 

data to be 0.92 in control compared with 0.9 1 in the glycogen depleted state. 

Not all studies agree that oxygen consumption is higher during exercise in glycogen 

depleted subjects. Some have reported no significant difference in Go2 between control and 

glycogen depleted suojects during incremental (McLellan and Gass, 1989b; Podolin, et al., 

1991) or prolonged exercise (MacLean, et al., 1991). An explanation for the difference in 

gas exchange data reported in these studies is not readily apparent, given the fundamental 

differcnce in high energy phosphate production for different metabolic fuels (Appendix 

m). It can only be suggested that in some experimental conditions, as seen clearly in the 

MacLean, er al., (1991) study, inuamuscular glycogen was not as depleted as the authors 

intended. In the latter study, although subjects completed a strenuous exercise protocol to 

deplete muscle glycogen, similar to the one used in the present thesis, the exercise was 

followed by 2 5  days on an assigned mixed (M) or high carbohydrate (I-IC) diet. At the 

time of the experiment, muscle glycogen was not significantly different between the A4 or 

HC condition, which suggests that the mixed diet was adequate to restore muscle glycogen, 

In addition, no significant differcnce ir! blood glucose, lactate or the respiratory exchange 

raeo (R) -were O ~ S ~ I Y ~  berween the experimental groups, either at rest or during exercise. 

Obyiously, care must be mken in the interpretation of data from some glycogen depletion 

studies. 



PLASMA VOLUME 

Acute exercise results in a decrease in blood volume, or hemoconcentration. The 

magnitude of the plasma volume shift observed during exercise in this study agrees with 

the findings of Harrison (1986) and Edwards, et af., (1983) for cycle ergometer exercise. 

In the ftrst few minutes of exercise, hemoconcentration is attributed mainly to a rise in the 

hydrostatic pressure within the capillaries of active muscle, and EO an increase in muscle 

tissue osmolality (Smith, et al., 1976). Dehydration, which reduces total body water and 

absolute blood volume, contributes to the decrease in plasma volume in prolonged exercise. 

Prevention of dehydration by fluid replacement attenuates exercise hernoconcentration 

(Gaebelein and Senay, 1980). 

HUMORAL MEDIATORS OF VENTILATION 

Glycogen depletion produced a significant alteration in certain metabolites 

considered pivotal to ventilatory dnve during exercise. Each is discussed individually, and 

assessed for a contribution to the ventilatory response to exercise. The potential mediators 

of ventilation are than compared to the pattern of ventilation observed in response to 

exercise. 

AMMONIA 

The present study is the first to relate exercise-induced hyperammonernia to 

exercise hyperpnea. Blood ammonia concentration [NH3] increased in a slow but steady 

manner throughout steady state exercise in the GN condition in the present study (Fig. 

20). A pragressive upward drift in fNHfJ which was observed, particularly after 70 

of proimged steady state exercise, was remarkably similar to the upward drift in 

VE observed at apprcxima:e!y the saine iimz (Fig, 12). Euffng prolonged exercise in 

glycoger, depleted subjects, the group mean blood ammonia concentration was significantly 

greater at corresponding time points of exercise than in the control condition, although the 
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duration of exercise was significantly shorter in the glycogen depleted state. This result 

agrees with a previous finding by Broberg and Sahlin (1988) who reported a significantly 

greater ammonia accumulation during submaximal exercise to exhaustion in subjects who 

were glycogen depleted. Broberg and Sablin observed a peak NH3 concentration of 238 f: 

34 pM and 263 2 36 as a result of prolonged exercise ar 60-70% in conml and 

glycogen depleted subjects respectively, compared with the peak NH3 concentration of 144 
u 

+ 27 ,$%I and 148 ;?5 14 .&.I in similar exercise conditions in the cunent report. The reason - 

for the quantitative difference in ammonia concentration between these studies may have 

been a result of different analysis techniques used fa flow injection technique based on a 

colourimetric measurement in one, compared with a spectrophotomemc method using an 

enzyme-driven reaction to alter NADPH concentration), or the site of blood sampling 

(femoral venous compared with antecubital venous). 

In the present study, no significant difference in blood ammonia concentration 

between the control and glycogen depleted subjects was observed during ramp incremental 

exercise to exhaustion, a result which was not anticipated based on a previous report of 

ammonia accumulation during prolonged exercise in glycogen depleted subjects (Broberg 

and Sahlin, 1988). The above finding may be rationalized, in pm,  by a decreased acidosis 

in the glycogen depleted state in respunse to htense exercise (Fig. 9) which would decrease 

the activation of AMP deaminase, and consequently lower the production of W and 1W3 

(Dudley and Te dung, 1985; Tullson and Terjung, 1991). 

The reported elevation in blood hW3 concentration in response to exercise in 

humans varies widely in the literature. In response to prolonged exercise in healthy 

subjects, peak M I 3  has been reported as low as 80 phi after two hours of cycle exercise at 

70% k~z,, (Wagemakers, et al., 1990); approximately 100 pM in both control and 

glycogen depleted sufjjee~s duI"mg sutjmatcirnai exercise at 75% t'02,,, to exhaustion 

(MacLean, et a!., 1991); 160 pM after forty minutes cycle exercise at 70% Go2,, 

(Graham, et a!., 1987); or as high as the level cited by Broberg and Sahlin (1988) of 238 
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and 263 p M  NH3 after submaximal exercise to exhaustion at 60-7096 VOz,,. An equally 

wide range of PZIj has been reported in response to incremental exercise to exhaustion, or 

short sprint exercise. Bumo, et a!., (1983) observed a curvilinear increase in hX3 to a 

peak concentration of 100 pM at exhaustion; after four minutes of supramaximd cycle 

exercise at 115% V O ~ ,  , Harris and Dudley (1989) reported a peak hfHj of 121 t;M in 

plasma, 136 uM in whole blood, and 152 p M  in erythrocytes; incremental exercise to 

exhamtion resulted in a peak ammonia concentration of about 130 .ul'\/i in a study by Babij 

er al., (1983), although the nature of the protocol required a totd exercise duration of 

seater than thirty minutes; Karz, er al., (1986) observed a peak arterial whole b l d  N H 3  
C 

of 210 and an arterial plasma concentration of 112 .~LIV fullowing 4 min exercise 

at 1.00% C U ~ ~ ~ ;  the highest venous h 2 i g  reported in response to incremental exercise to 

exhaustion was 271 uM, reported by Eanister. et a!., (1983). Other data have been 

reported as the change in ammonia concentration from rest to exercise ( A m 3  ) (Lo and 

Dudley, 1987) which c m o t  be directly compared with the absolute value reported in most 

other studies. Similarly, blood LEI3 concentration at rest has been reported to range from 

as low as 30 jiIV (MacLean, et a!., (1991): antecubital venous plasma) to 95 ,u,M (Katz, et 

al.. (1986): femoral arterial whole blood). fn summary, although it is difficult to compare 

the absolute concentration of blood ammonia beween different stuhes, the relative increase 

L~I blood ammonia concentration during exercise within each study is significant. 

The question of whether the increase in blood ammonia concentration produced by 

exercise is sufficient to stimulate ventilation needs to be considered. From evidence in 

animal studies, in which ventilation was stimulated in response to a physiological increase 

in m o n i a  concentration of similar ma-@ude to that observed in exercise (Wichser and 

Kazemi, 1974; Dwm and Beikmari, 1978j, ir seems reasonabie ro suggest that the 

ventilation. However, Wichstr and Kazemi (1974) reported that the increase in ventilation 

was more closdy related to an increase [X'H33 in the CSF than in arterial blood. From 
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&me data, it was interprsred faat ammonia may act central.l?y to stimulate venfilatiun. 

Therefore, a close relationship of a change in ventilation and blood [hl3] would not 

necessarily be indicative of ammonia's concentration or action at a central ventilatory site. 

The absolute increase in blood ammonia concentration produced by exercise is, however, 

sufficiently large to suggest that it may contxibute t~ exercise hyperpnea, both during ramp, 

incremental and proIonged exercise. 

P o T ~ s s r v n r  

In the present study venous potassium concentration [K+] was measwed (Fig. 9, 

Fig. 29). In response to ramp incremental exercise, venous [K-i-] inaeased gradually with 

an ixrease in work rate, whereas during prolonged exercise, a rapid increase in [K-t] was 

observed ar the onset of the step increase in work rate. As steady state exercise duration 

increased, only a margin& non-si,-cant upward clrift in [K-i-] was observed. 

Exercise in the glycogen depleted state did not significantf~r increase the venous 

[Ri-] compared with the control condition. This result agees with Busse, et al., (1989) 

who obsenred that the exercise-induced increase in [K+] was similar in normal and 

dvcogen depleted subjects, in spite of a significant difference in pH and &a] during " J 

prolonged exercise at the ventilatory threshold of human subjects. In contrast, iMcLellan 

aad G a s  (1989bj reported tiat the increase in [Kt] was significantly less in response to 

incremental exercise to exhaustion when a subject was glycogen depleted and eating a low 

carbohydraze diet, although resting [Ki] was unaffected by prior exercise or dietary 

manipulaeon. 

ARTERIAL VERSUS VESOUS POTASSIUM 

Sever& studies on the control of breathing during exercise have suggested that 

merid &+I plays an iaportant role in exercise hyperpnea (Kilburn, 1966; Band, et al., 



1922; Linton, et al., 1984; Sneyd and 'Wolfe, 1988; B~sse ,  et at., 1989; Paterson, et al., 

1989a; Newstad, et at., 1990; Patterson, et al., 1990; Yoshida, et al., 1990). Sneyd and 

Wolfe (1988) compared the relationship between arterial and rrenous [K+] during exercise 

and found that although the merial and venous [K+J were identical at rest, the increase in 

the antecubital venous blood [K+] was less than arterial potassium during leg exercise in 

man, although the pattern of change was similar. When combined ann and leg exercise 

was performed, the increase in the arterial aid venous [Iii] was identical, suggesting that 

inactive forearm muscle is involved in the uptake of potassium released from the leg. 

Newstad, et al,, (1990) however, in a study which reported that the increase in merial 

potassium concentration was similar during cycling (leg-only) and rowing (m and leg 

exercise), suggested that the u p k e  of potassium by resting muscle does not significatly 

limit the venous hyperkdemia observed d ~ i n g  exercise. More recendy, Lindinger and 

fjogaard (1991) demonstrated tha~ while the actual plasma [K+] depends on the site of 

blood sampling during exercise, the pattern of change of plasma [Kt] is the same in the 

venous blood of contracring muscle, in arterial blood, and in venous blood of non- 

contracting tissues. 

The 1 d l  rise in venous [K*], observed in the present study during prolonged 

exercise, is similar to that reported by others using a similar exercise stimulus (Busse, et 

aZ., 1989). However, ramp incremental exercise to exhaustion in this study produced an 

elevation of venous [K+] closer to 1.6 nbf, which is low compmed with the change of 3.0 

m_M in human arterial [K'] reported by Yoshida, et al., (1990) in response to a similar 

ramp incremental protocol to exhaustion, and by Patterson, et a:., (1989a) following 

maximal exercise on a cycle ergometer. However a study by Newstad, et d.. (1 990) 

ekariy illustrated the inter-~&'tiidud difference in the potassium response to incremental 

exercise to exhaustion. demstrazing a range of increase in arterial [K+J from 1.0 to 3.0 

m_M in human subjects perForming ramp exercise to exhaustion. 



It nay be assumed, therefore that the pattern of increase in senous [R+3 in the 

current study, although quantitatively smaller than arterial potassium, is qualitatively 

similar. 

As discussed in the introduction, elevated blood [K+J seems to play a strong role in 

exercise-induced hyperpea. Wou7ever, it's role in the modulation of increased ventilation 

in the glycogen depleted state is uncertain. 

CATECHOLAMINES 

In the present study, ramp exercise resulted in a 8-fold increase in NE in the GN 

condition, and 8 to 10-fold increase in the G D A C U T ~  and GDCHROXIC conditions 

respectively. At the end point of prolonged steady state exercise, NE had increased 7-fold 

from rest in the GN condition, and 6-fold from rest in the GDACuTE condition is spite of a 

significant reduction in exercise duration in the glycogen depleted trial. Exercise in the 

glycogen depleted state elicited an increase in NE that was not significantly greater than 

observed during control exercise, although the response tended to be greater at an 

equivalent work rate in rarnp exercise, and at eq~ivalent time points in prolonged steady 

state exercise. 

A previous study in which dietary manipulation was used to reduce muscle 

glycogen showed that exercise in glycogen-depleted subjects elicited a significantly greater 

increase in NE and E compared with exercise in a normal glycogen state, although inter- 

individual variation is greater in the carbohydrate-poor condition (Jansson, et al., 1982). 

Galbo, et al., (1979) also reported an increased E response to exercise in glycogen depleted 

subjects, but found no significant enhancement of their NE response to exercise, in 

contrast to the results of Jansson under the same conditions. One recent study reported a 

decrease Li [he catechoiamine response to incremental exercise to exhaustion in glycogen 

depleted subjects compared with controls (Podolin, et al., 1991). 



The evolution of catecholamine measurement techniques from the original bioassay 

to the radioimmunoassay, and more recently high performance liquid chromatography 

(KPLC), and the difficulty associated with each method is reflected in the range of 

catecholamine data published in the literature. One major difficulty in the analysis of 

catecholamines is their extremely low concentration in plasma. The normal, resting 

concentration of plasma norepinephrine and epinephrine is 1.5-2.0 nM, and 0.5 nM, 

respectively. At these concentrations, the HPLC technique used in the present study, 

which relies on eiecnochemical detection of catecholamines, is close to the lower limit of 

serisitivity of the system. The sipal-to-noise ratio of the output signal is sensitive to small 

alterations in the mobile phase pH, flow rate, temperature, and tiny i$.r bubbles which may 

become trapped in the system during the injection procedure. During extraction of the 

plasma sample, some of the plasma catecholamine is lost. Recovery of the internal 

standard in the recover process is typically 65 to 75% (Gratzfeld-Wusgen and Schuster, 

1990). In addition, the extraction of a biological sample does not completely elimixdte 

substames confounding clear discrimination of catechoiamines in the chromatogram, since 

peaks not present in the analysis of catecholamine standards a x  frequently present. In the 

present study, a large contaminating peak with the same retention time as epinephrine (El in 

the standard solution was present in many of the chromatograms of the plasma samples, 

which obscured the relatively small epinephrine peak. Because of this, only piasma 

norepinephrine (KE) concentration is reported here. 

The reason for the difference in the reported findings of the relative response of 

plasma NE and E during exercise may reflect the sensitivity of the analytical techniques 

used in earlier studies, particularly in the measurement of epinephrine concennation, the 

difference in expeiheiitd design (ramp incrementdl vs srei, incremental vs prolong&), the 

mode of exercise (treadmill vs cycle ergometer), exercise burarion, and the state af 

glycogen depletion which would be reflected in blood glucose concentration. Two studies 



have critiqued the assessment of catecholamine response to exercise (Banister and 

G~ffiths, 1972; Galbo, 1983). 

A greater increase in E than hiE has been observed to accompany a decrease in 

blood glucose during exercise (Galbo, 1977a; Calbo, et a!., 1979). As early as 1924, 

hypoglycemia was shown to induce secretion of E (Houssay, et al., (1924) and Cannon, 

et al., (1924); as cited in Euler, (1974); Euler and Luft, 1952). Crone (1963) suggested 

that a crit;,ca! plasma glucose existed between 50 and 70 rng glucose per 100 mf blood, or 

2.8 - 3.9 mM, at which E secretion was elicited. Other work has supported the concept 

that the secretion of catecholamines is rriggered by a critical blood glucose level, rather than 

the rate of fall in blood glucose concentration, and that the elevation of E cocczntratcion is 

seater than that of NE in response to hypoglycemia (Lilavivat, et aE., 1951). Exercise " 

involving more active muscle mass may also increase the catecholamine response. Kjaer, 

et aL, (1991) reported a 3- to 4-fold increase in plasma catecholamines during arm and leg 

exercise than during leg exercise done, although Hooker, er al., (1990) showed that the 

difference in the response to arm only, leg only, and arm-leg exercise was related to 

exercise intensity, md not the exercising muscle mass. 

In the present study, the exercise-induced increase in NE concentration was not 

significantly greater in the glycogen depleted subjects than observed in the connol state. 

This suggests that the observed decrease in blood glucose was not sufficient to trigger 

additional catecholamine secretion, or that without the analysis of E, this effect could not Ix 

detected. 

There is ample evidence in the literature to suggest that norepinephrine stimulates 

ventilation in humans. Having few data points in for norepinephrine in the present study 

makes it &fficu!t ot compare its increase to the pattern of ventilation observed in response 

to exercise. However, it is clear that at each time point analyzed, norepinephrine is always 

elevaccd when ventilation is increased. Therefore, it is likely that the elevation of 

catecholamines during exercise contributes to the observed tachypneic hyperpnea. 
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TEMPERATURE 

In the present study, the group mean body temperature increased significantly as a 

result of prolonged steady state and ramp incremental exercise, in both the control and 

glycogen depleted subjects (Fig. 7, Fig. 18). At rest, however, there was no significant 

difference in body temperature between the exercise conditions. 

Increased body temperature observed during exercise may contribute to the 

accompanying increase in ventilation. In most animals, an increase In body temperature is 

accompanied by an increase in ventilation (panting) as a mechanism of evaporative heat 

loss, comparable to sweating in man (Bligh, 1966). Hales, et al., (1970) demonstrated in 

cross-perfused dog experiments that a passive increase in rectal temperature similar to that 

attained during severe exercise (i.e. 2-2 "C) was accompanied by an increase in fltjnute 

ventilation from 6 to 52 f.min-l. A decrease in tidal volume was also observed, with a 

rapid increase in ventilatory frequency, which is characteristic of panting in animals. 

In humans, elevated body temperature has been related to an increase in pulmonary 

ventilation in several studies (Cunningham and O'Riordan, 1957: MacDougalI, et al,, 

1974; Perersen and 'Jejby-Christensen, 19'77; Mmin, et ai., 1979: Martin, et al., 1981). 

Martin, er al., (1979) observed that during exercise at a constant GE, an increased Tc of 0.8 

"C produced by exercise altered the breathing pattern by decreasing VT, and increasingf. 

The decrease in VT was associated with a shortened inspiratox-y time, although the drive 

( I$fTI)  and timing (TI/TToT) components of ventilation were unchanged by the elevation of 

body temperature. A subsequent study showed that passive heating sufficient to raise rectal 

temperature by 0.8 O C  prior to exercise failed to increase the ventilatory response to 

exercise, although GE was increased at any given work rate after rectal temperature was 

elevated by exercise (Martin, et a!., 1981 j, suggesting that some residual effect of exercise 

was responsible for stimulating ventilation. 

While an increase in body temperature may contribute to ventilatory drift observed 

during prolonged exercise, body temperature does not change quickly enough to be related 
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to the rapid change in VE observed at the onset or terminatior! of exercise (Lambertsen, 

1980), or at the ventilatory inflection points observed during ramp incremental exercise to 

exhaustion. In addition, the subject's core temperature was not significantly greater during 

exercise in the glycogen depleted, compared to the control state. Nevertheless, small 

changes in core temperature could potentiate the action of some of the other more potent, 

rapidly changing mediators of ventilation or act synergistically with them. 

As with other mediators of ventilation, it is obvious that an increase in core 

temperature in this study, which was similar in direction to the pattern of ventilation during 

exercise, may have contributed to the a ~ ~ m e n t e d  ventilatory response. 

HYDROGEN ION CONCENTRATION 

In the cunent study, ramp exercise in the control glycogen condition (GN) 

produced a characteristic decrease in bimd pH with increasing exercise intensity. However 

in the glycogen depleted conditions, do decrease in pH was observed (Fig. 93, In reqponse 

to prolonged exercise in the GN condition, a slight, tramient decrease in pH was observed 

at the onset of the step increase in work rate, followed by a gradual, steady rise in pH to the 

endpoint of exercise. Constant work rate exercise in a glycogen depleted state resulted in a 

significant elevation in the group mean pH relative to control in prolonged steady state 

exercise (Fig. 20). 

Heigenhauser, eta)., (1983) reported a similar difference in the goup mean venous 

pH in humans during exercise in a glycogen depleted state using a comparable graded 

exercise protocol, although with a slower ramp function (33 watts every 4 minutes). At 

maxirxttm power output during exercise, tnese authors reported that venous pH was 7.26 +; 

0.03, and 7.34 2 0.02 respectively in their ciiiit?.o'l and glycogen depleted subjects, 

respectively. 



A decreased acidosis in glycogen depleted subjects drrring exercise might be 

expected because the major hydrogen ion source during exercise is from hydrolysis of 

glycolytically produced ATP (Zilva, 1978; Hochachka and Mommsen, 1983). Prior 

reduction of a subject's intramuscular glycogen stores would result in the increased 

oxidation of lipid as substrate in muscle, which would make only a minor contribution to 

hydrogen ion production. Although a significant body of literature exists which attributes 

the metabolic acidosis accompanying high intensity exercise specifically to an increment in 

blood lactate, it is not a major source of hydrogen ions during exercise. Its precursor, 

pyruvate, is already fully diss~ciated at physiological pH (Gevers, 1977; Jones, 1980; 

Alberti and Uuthben, 1982). 

Metabolic acidosis accompanying high intensity exercise is commonly cited as the 

cause of exercise hyperpnea. Wasserman, and colleagues, have been strong protagonists 

in defining a link between a non-linear increase in ventilation observed in incremental 

exercise to fatigue and the sa te  of acidosis associated with lactate accumulation 

(Wassennan and McIlroy, 1964; Wasserman et al., 1975a; Koyal et al., 1976; Casaburi et 

al., 1987; Beaver et al., 1986a). Wasserman et al., (1975a) demonstrated a loss of 

hyperventilatory response to intense exercise in humans with bilateral carotid body 

resection (CBX). However, no date were presented on the ventilatory response of 

asthmatics prior to denervation of carotid bodies. In general, asthmatics are exercise- 

limited by an inability to achieve high alveolar ventilation. The observed reduction in the 

ventilatory response to intense exercise in CBX patients was interpreted as the removal of 

carotid body stimulation by arterial w+]. This analysis, however, should be reconsidered 

since it is well documented that potassium (Band et al., 1985; Linton and Band, 1985; 

Band and Linton, 1386 Paterson and Nye, 1985), catecholamines (Joels and ?ni te ,  

!965), and izmpeiat'ure (Eyzaguine and Lewin, 1961; ~ c f j u e e n  and Eyzaguirre, 1974) 

also affect carotid body activity, 



LACTATE 

A 40 to 50% reduction in the peak lactate concen~ation in the blood was observed 

in response to exercise in a glycogen depleted state in the present study. These results 

agree with previous findings of (Karlsson and Saltin, 1971; Costill, et al., 1971; 

Asmussen, et a/. .  1974; Segal and Brooks, 1979: Jansson, 1980; Hughes, et a/., 1982: 

Hargreaves, et al., 1984; Neary, et al., 1985). 

The present finding of a lower lactate concentrstion accompanying exercise in a 

glycogen depleted state may reflect an increased lactate utilization. However, it has been 

clearly demonstrated that the intramuscular conce~tration of lactate is reduced in glycogen 

depleted subjects (Jansson, 1980; Jacobs, 1981b). Factors which may contribute to this 

are factors which also regulate glycolysis, These include (i) altered substrate availability 

and circulating hornlone concentration which would affect substrate selection (Galbo, et 

al., 1977b: Coyle, et at., 1983; Kirwan, ct al., 19901, and (ii) a continued inhibition of 

glycolysis by increased citrate concentration (which potentiates the allosteric inhibition of 
'd 

PFK by A'FP) as a result of increased lipid oxidation (Newsholrne and Leech, 1983). It 

has also been suggested that prior glycogen depletion of skeletal muscle may affect 

activation of phosphorylase b by a change in the local concentration Ca2+, Pi, ATP or AMP 

within the tissue fGollnick, et al., 1978; Newsholme and Leech, 1983; Ren and Hultman, 

1990). 

ROLE OF THE CAROTID B O D Y  TO THE STII\.IULATION OF VENTILATION 

Two assumptions on the role of the carotid body must be aired before the 

importance of humoral mediators, specifically [H+], [K+], Pa02 and PaC02, acting at 

peripheral chernoreceptors to stimulate, the ventilatory response to exercise is decided. The 

first assumes that an increased discharge from the intact carotid body stimulates ventilation. 

The second suggests that the controlled stimulation of ventilation observed at rest, when a 

change in one mediator of ventilation at a time may be controlled, is similar to the response 



observed during exercise. Wasserman et al. (1975a) observed that carotid body denervated 

asthmatics did not hyperventilate in response to intense exercise, suggesting the importance 

of the carotid body in this response. Band et al. (1985) also reported that bilateral 

denervation of the carotid and aortic sinus nerves abolished the effect of elevated [K+] on 

the stimulation of ventilation. However, both the importance, and the role of the intact 

carotid body during exercise ha.; been questioned. Pan et al. (19861, observed an increased 

ventilatory response to exercise in ponies with denei-vated carotid bodies, and concluded 

that. carotid chernoreceptors were not critical for hyperventilation during exercise in ponies. 

Since carotid body denervation did not eliminate or even attenuate the respiratory 

compensation for metabolic acidosis during exercise in these animals, it was suggested that 

input from the carotid body might pIay a roli: in dampening the neurclgenic exercise drive to 

hyperventilation (Pan et al., 1986). If the carotid body chernoreceptors are not important in 

ventilatory drive during exercise, this would reduce the importance of [Hi], [K+], 

norepinephrine, and possibly ATc, as potential mediators of exercise hyperpnea. A 

opposing point of view, however, would propose that the role of carotid body input to the 

central respiratory integrator assumes more importance as exercise progresses. The 

importance of the carotid body illustrated by Wasserman et al. (1975a) lies in the 

ventilatory response to high intensity exercise, or exercise above the anaerobic threshold. 

Evidence by Hansen et al. (1982), who attenluted the ventilatory drift of prolonged 

exercise by the administration of hyperoxia which would silence the carotid body, also 

suggested that the carotid body is important in the mediation of ventilatory drift during 

prolonged exercise. 

In the present study, this controversy cannot be resolved. However, the suggestion 

that carotid body input may be important i.n, "d3mpe11ing" the ventilatory response to 

exercise is interesting. 



A COMPARISON OF VENT~LATION WITH THE %%EDIXTORS OF VENTILATION 

In order to relate the pattern of ventilation to the pattern of change in any proposed 

mediator of ventilation, the physiological correctness of the relationship must be evident. 

While each of the known or proposed mediators of ventilation monitored in this study 

(ammonia, potassium, pH, norepinephrine, and core temperature) has been studied for 

their individual effect in the stimulation of ventilation, it is also appropriate to consider that 

the ventilatory response to exercise may result from a summation of input from all, or a 

number mediators, whose individual contribution varies depending on the presence or 

absence of other stimuli. A different ratio of mediators may itself influence the ventilatory 

response. 

Both the increased hyperpnea observed during exercise in glycogen depleted 

subjects, and the positive ventilatory drift accompanying prolonged constant work rate 

exercise, was mediated by an increase in breathing frequency (Fig. 11 and 22). In 

response to ramp incremental exercise, an increase in ventilation was associated with an 

increase in [NH3], [K+], norepinephrine, and ATc, and a decrease in pH in the control 

(GN) exercise condition. While the increase in [NH3] may be viewed as an appropriate 

stimulus producing the oberved change in ventilation, it is inappropriate to rule out the 

contribution of any one of the other mediators noted, which might have contributed to the 

overall ventilatory response. At the point of a non-linear increase in ventilation as exercise 

intensity increased, the pattern of change of each of the ventilatory mediators was similar to 

the increase in ventilation, although pH was most sensitive and responsive to the change at 

this time, in the GN condition. 

However, the ventilatory response to exercise in the glycogen depleted state 

suggested that an increase in [H+] is not obligatory to the hyperventilatory response to 

exercise. Glycogen depletion was used in this study to allow comparison of ammonia 

production and a different level of ventilation for an equivalent work rate and level of C02 

production. A significantly greater group mean ventilation observed during ramp exercise 



in the glycogen depleted state was associatsd with a relative alkalosis (Fig. I I), suggesting 

that I3I4] could not have stimulctted the hyperpnea at this time. However, In the absence of 

acidosis, none of the remaining mediators of ventilation ([NH3], [Kf], norepinephrine, and 

ATc) could clearly account for the tachypneic hyperpnea observed in the glycogen depleted 

condition. 

In response to prolonged constant work rat3 exercise, no single mediator of 

ventilation could account for the ventilatory drift in the control condition as well as the 

significantiy higher ventilation in the glycogen depleted state. While there was a sin4,arity 

in the overall pattern of ventilation to the observed change in amnmnia concentration, the 

relationship was not always compatible, For example when ventilation tended to be greater 

from the onset of exercise in the glycogen depleted condition, ammonia concentration was 

not different from the control condition. When ventilation remained at a steady state value 

up to the 70th minute of exercise, [NH3] drifted slowly but progressively upwards. 

However, two specific points support the role that ammonia may play in the stimulation of 

ventilation during prolonged exercise. The secondary rise in [NIi; f observed after 70 rnin 

was the only ventilatory mediator measured which changed sufficiently to account for the 

concomitant positive ventilatory drift. Also, in the glycogen depleted state, the response of 

[NH3] was the only mediator appropriately and significantly different f?om the control 

condition to account for the significant increase in ventilation observed. 

Of course, this does not imply that [K'], norepinephrine, and ATc did not 

contribute to the stimulation of ventilation in either ramp or constant work rate exercise. It 

has been well documented that an increase in [K'], norepinephrine, and ATc all stimuIate 

ventilation. However, in the present study, neither [K"] nor ATc were significantly 

different in respome to either of the exzrciss protocols used in the giycogen depleted, 

compared with the control condition. Therefore, unless there is a specific increase in the 

sensitivity of the receptor for [K+] or ATc in the glycogen depleted state. the significantly 



higher ventilation observed in the glycogen depleted subject cannot result from either [K+] 

or ATc. 

Another possibility is that in the absence of one mediator, in this case acidosis, the 

relative contribution of the remaining mediators of ventilation changed. Lockwood et al. 

(1980) reported that the rate of ammonia transport across the blood brain barrier increased 

in mild alkalosis in experimental animals. If this result can be applied to the exercising 

human, then in the glycogen depleted state a greater proportion of blood ammonia would 

have access to the central nervous system. The present study did not allow this possibility 

to be tested, but this hypothesis wouid allow ammonia to stimulate a centrally-mediated 

increase in ventilation, in the absence of an excessive increase in arterial ammonia 

concentration. 

RATING OF P E R C E I V E D  E X E R T I O N ,  AND ITS C O R R E L A T I O N  W I T H  
PHYSIOLOGICAL AND BIOCHEMICAL ~ ~ E A S U R E S  DURING EXERCISE 

The subjective measurement of rating of perceived exertion (RPE) is an accepted 

and simple method of determining a subject's exercise intensity (Borg, 1982). In the 

present study, this measure, recorded at regular intervals throughout exercise, was 

significantly greater during exercise in glycogen depleted subjects at every corresponding 

time point in both prolonged (Fig. 18) and ramp incremental exercise (Fig. 7). 

This is the first time that a rating of perceived exertion has been correlated with 

A[hiII3] during exercise. In the context of the present thesis, it was of interest to show 

how the relationship of RPE with A[NH.jf compared with other physiological and 

biochemical measures related t:, WE, and whether A[h7H3] was consistently related to RPE 

in every exercise condition. During prolonged exercise, RPE was strongly correlated with 

A[NE3j in both the GN ir=0.7i) and GD,lcc.TE (r=O.XS) conditirm. This correlation 

between AfNH31 and W E  was somewhat reduced (r=0.49) when only the latter stage of 

exercise in the GN condition was considered (Table 19). In the ramp exercise protocol, 



RPE was consistently conekited with A[h?-I3] between 0.57 and 0.72 in the three exercise 

conditions, but this was not as strong as the correlation of RPE with other physiological 

and biochemical markers (Table 12). 

As previously mentioned, the Borg scale of perceived exertion has been shown to 

correlate between 0.80 and 0.90 with heart m e ,  oxygen uptake, and lactate accumulation 

(Borg, 1952), and is extensively used in exercise testing (ACSM, 19911, exercise 

prescription (Pollock,et al., !986j, and in fhe quantification of energy expenditure (Gardio 

Stress Inc, 198%). 

The relationship between RPE and pulmonary ventilation is also of interest. 

Martin, et al. (1981) suggested that if the sensed level of breathing is an importmt part of 

the overall perception of exertion during prolonged exercise, or if significant ventilatory 

muscle fatigue occurs during heavy exercise, then a rising dvE could reduce cxercise 

tolerance. In the present stiidy, W E  was more closely correlated with during ramp 

incremental exercise (0.83 - 0.93), than during prolonged steady state exercise (0.62 - 

0.69). Both the present, and previous evidence suggests that ventilatory function and/or 

discomfort contributes to perceived exertion, although the exact zspect of ventilation that is 

sensed is unclear (Noble et at., 1373; Robertson, 1982; Demello et al., 1987). 

Perception cf effort increases with prolonged exercise duration (Fig. 18) or 

increasing exercise intensity (Fig. 7). Since the perception of effort during exercise, 

although subjective, reflects 2 central cognitive process encompassing many contributing 

factors, it may also be a measure of central fatigue or a loss of willingness to continue with 

exercise. Basec 3n experimental evidence of brain ammonia metabolism (c,f. Cooper and 

Plum, 1957, for a recent rev;ew), Banister and Cameron (1990) have postulated that an 

exercise-indltced elevation in ammonia prod'sction conti-itsutes to zeiitrd fatigue, possibly 

by a reduction of high e~iergy phosphate concentration, or through an alteration in 

neurotransmitter concentration in the braill , with the development of symptoms of 

ammonia toxicity. The relationship between blood ammonia concentration, its movement 



across tJle blood brain barrier, and its interaction with endogenous brain biochemistry and 

physiology was discussed in the introdtlction. This is a speculative, but interesting 

hypothesis which may be pursued ir, the future when technological progress will allow the 

detemimtior, of Srain metablites d'jring esercise. 



LIMITATIONS OF THE PRESENT STUDY 

There are several limitations ro the conclusions drawn frcm these experiments. 

Subjects in this study were males, aged 22 to 30, and represented 2 relatively fit, 

recreational athletic population. The results of the study, therefore, pertain to sizilar 

populations. Extra~olation of thc results of this study to other healthy, or patient 

population, may not be appropriate. 

A major limitation of this study is [he small sample size. Extxme data from one 

subject might bias the groclp me= data. IIf addition, inter-inc?ividual variability may have 

obscured a significant relationship which would have been more obvious with a larger 

number of subjects. Camion must be exercised, therefore, in the interpretation of these 

data. 

It was not possible to establish unequivocally a dose-response relationship between 

ammonia and exercise hyperpnza from this study. This results from inter-individual 

differences in ammonia accumulation in the blood, and possibly differences in the 

sensizivity of the ventilatory response of each subject to ammonia. The net accumulation of 

ammonia in the blood reflects both continuous production of ammonia and its release from 

skeletal muscle, together wit3 its continuous uptake and buffering in various body tissues. 

Thus from the results ofthis study, it is not possible to predict a specific level of increased 

pulmonary ventilation from a speciik hjperamonemia. Also, the source of ammonia 

production during exercise may have varied under different exercise conditions, from 

predominantly purine nucieotide cycle production (ramp exercise), to a significant 

contibution &om amino acid catabolism (prolonged exercise). 

It is we!! doznmzmd h i  mdly other variables (for exampie pH, Ki, core 

teperamret m-d catechdmines) sont5mte to ~.wit;,laror-y stir;;dat;im dtiling exercise. In 

~e presenr study, it was nor possible to selecdvely eliminate each of these confounding 

variables, or to control their elevation one at a rime. Thus, while the pattern of ventilation 
132 



may be related to the change irt amiionia concentration during exercise, the continue6 

presence of other confounding ventilatory stimulants precludes the identification of 

a i i o n i a  as the primary mediator of ventilation. 

While the pattern of ventilation observed is comparable to the pattern of change in 

ammonia concentration, and that of several other potential mediators of ventilation, it was 

not possible to suggest a cause-and-effect relationship based on this observation alone. 

Bccause all variables were the-dependent, the underlying cause of &eir elevation may 

have been the exercise stimulus itself, or other factors not measured in this study. It may be ' 

suggested, for example, that the increased work rate or onset of skeletal muscle fatigue 

results in the selective recruitment of an increased number of motor units. By co- 

activation, or cortical irradiation to central respiratory centres, an increase in motor unit 

recruitment may have stimulated ventilation, independent of humoral input. Nevertheless, 

one may only suggest a temporal relationship between the change in ammonia concentration 

and the stimulation of ventilation from the present experiments. 

In the present study, the contribution of ammonia to the control of ventilation in 

humans was considered during exercise. However, the control of ventilation during 

exercise may not be the same as in the restkg subject. It was previously suggested that the 

sensitivity of peripheral chemoreceptors is increased in exercise (Cunningham et al., 1986; 

Paterson et aE., 1989a). If the gain in peripheral chemoreceptor control is variable during 

exercise, rhen the response to the same stimulus will change depending of the intensity or 

duration of exercise, and wouid be very difficult to measure. This wouId complicate any 

inrerpretation of a dose-response relationship between ventilation and its potential 

mediators. 

The present s ady  used glycogen depletion to enhance ammonia production at an 

syuivaient work rate, while concomitadty reducing the hydrogen ion concentration 

iH'j as a possible mediator of ventilation. The study did not consider the possibility that 



by attenuating acid~sis, the relarive contribution of cjtiler mediaxors of ventilation may be 

altered. 

It is also possible that the glycogen depletion model may produce a different 

metabolic and hormonal response to exercise, as a result of a change in the fuel substrate, 

as indicated by the reduction in the mean R in the glycogen depleted state. The higher pH 

evident during exercise in glycogen depleted subjects, particularly at the time of tachypneic 

drift and hyperpnea, also suggests that the local environment surrounding peripherzl 

chernoreceptors was altered. This may have affected the interaction of ventilatory 

mediators at venf latory receptors. Thus, the relative sensitivity of a receptor site may be 

affected by a local change in the metabolic environment, and the relative importance of each 

mediator of ventilation may change if its access to a receptor is altered by its movement 

between tissue compartments. 

Although it is well documented that ammonia stimulates ventilation in an 

anaesthetized animal model, and that ammonia crosses the blood brain barrier, the actual 

receptor site for ventilatory stimulation by ammonia and its mechanism of action are 

unknown. Evidence in the literature suggests that ammonia acts centrally in the sti;nuhiton 

of ventilation. It has also been suggested that the central action of ammonia on ventilation 

may be through its conversion to glutamate or glutamine. Venous ammonia concentration, 

as measured in the present study, is far removed from a proposed central receptor site for 

ammonia. Therefore, the pattern of venous ammonia concentration may not reflect the 

change in ammonia concentration at or near its receptor site. Since it remains uncertain 

whether arrmonia is directly neuroactive, or whether it contributes to the stimulation of 

ventilation indirectly by altering the concentration of related excitatory (g1u:amate) or 

inhibitory (GABA) neurotransmitters, further experiments need to be done which can 

fellow the movement of ammonia between tissue compartments before its role in the 

stimulation of ventilation during exercise is understood. 



In order to compare the pattern 01 change in -%~entiktion more effectively with - 

potential mediators of ventilation during exercise, more frequent blood samples are 

required. It is recommended that future studies should sample blood every 15 to 30 

seconds, particularly at times of rapid increases in ventilation, or at aventilatory threshold. 

Lack of data density at such points in the present study limits the comparison between any 

inflection point in ventilation and the accompanying change in humoral mediators of 

ventilation. 

Venous blood samples were taken in the present study for the analysis of blood 

metabolites. This is an important limitation in this study, since the known peripheral 

chemoreceptors are located in the arterial system, and there is an arterio-venous difference 

in the concentration of several mediators of ventilation. Thus, while the pattern of change 

of arterial and venous mediators of ventilation may be similar, the absolute value 

representing the actual stimulus at a receptor site, is quantitatively different. 

Rectal temperat-xe was measured to indicate core temperature during exercise. This 

site may have a slower response time, and may not be reflective of a more rapid change in 

temperature in the blood, which would be detected at peripheral chemoreceptor-s sensitive to 

temperature change. 

The selection of exercise work rats for each subject depended on their individual 

maximum exercise capacity. For the ramp protocol, the incremental work rate was set at 20 

or 30 wans per minute, representing an individual increment of 6.6 to 7.5 % WRMa per 

minute. This was preferable to selecting a single ramp increment of 30 watts per minute, 

which would have represented an increment of 7.5 to 10 5% WRMm per minute. However, 

although the rate of increment represented a similar proportion of WRMAX for each 

individual, it has been well documented that ramp slope affects the transient kinetic 

response nf VE, VOZ, VC@. Therefore, it may not be appropriaie io compare these data 

with other incremental work rate tests. In addition, the rate of the ramp incremental test 

was selected based on the individual's maximum exercise capacity in a normal, control 



glycogen c~ndition. Given that each subject fatigued at a lower work rate in the glycogen 

depleted state, the rate of ramp slope must be relatively higher in the glycogen depleted 

subject. However, the choice made in the present study was to make a comparison 

between absolute work rates, although it is possible that the rate of change of each potential 

mediator of vendation was affected by the relative rate of change in the exercise stimulus. 

Similarly, prolonged exercise was completed at 50% WF&A~ based on results of 

ramp exercise in a control glycogen condition. In the glycogen depleted state, the work rate 

probably reflected a relatively larger proportion of the individual's exercise capacity, and 

the ventilatory response observed during control work rate exercise in the glycogen 

depleted subject may have reflect this. The purpose of selecting 50% mMAx was to 

achieve a steady state condition. Because of the obvious fatigue, higher heart rate response 

to exercise, higher rating of perceived exertion, and probable greater recruitment of motor 

units to achieve the same work rate, a steady state work rate may not have been achieved in 

the glycogen depleted state. Again, a temporal comparison of data in the normd and 

glycogen depleted condition may not be appropriate, since the relative exercise stimulus is 

probable different. 

An sndpoint value was determined in each study to allow comparison of each 

variable at the endpoint in the control and glycogen depleted state, which could not 

otherwise be compared since the group mean exercise time was longer in the control 

glycogen protocol, than in the glycogen depleted state. In the ramp protocol, endpoint 

represented exhaustion in all conditions, although time to exhaustion was approximately 

one minute shorter during exercise in the glycogen depleted state compared with the control 

condition. However, in the constant work rate protocol, endpoint represented exhaustion 

in all 5 subjects in the glycogen depleted condition, whereas 4 of 5 subjects were able to 

complete 90 minutes of tile Coilstmt work m e  protocol in the control glycogen condition. 

Therefore, it is arguable that the endpoint is the appropriate point of comparison to make in 

the prolonged exercise rest. 



While it was speculated from the resuits of this study that a change in ventilatory 

sensitivity may have resulted from stimulation of receptors through the direct neuroactive 

properties of ammonia, or through its metabolic conversion to other neurotransmitters, it 

was not possible to follow the movement of ammonia between tissue compartments, or to 

monitor its conversion to other metabolites. From rhese data, therefore, it is not possible to 

suggest a mechanism of action of endogenously produced ammonia in the stimulation of 

ventilation. The results of this study cannot discount the involvement of increased core 

temperame, elevated catecholamine concentration, or a rise in potassium ion concentration 

in the stimulation of ventilation during exercise. 

The investigation has, however, been valuable in providing support for the 

hypothesis that ammonia may contribute to the stimulation of ventilation during exercise, 

and deserves further study. 



C O N C L ~ ~ S I O N S  

In :his thesis, the relationship between ammonia, known to stimulate ventilation at 

rest in humans and animals, was compared with the ventilatory response to exercise. Other 

"traditional" mediators of ventilation, including (Hf], (Kf], norepinephrine, and core 

temperature, were also examined in relation to the pattern of ventilation observed. To 

investigate this relationship, two series of physical exercise were completed, incorporating 

a glycogen depletion model into the exercise protocol to allow a comparison of different 

levels of ventilation, and presumably a different ventilatory drive, at an equivalent work 

rate. 

The results of this dissertation have demonstrated that venous ammonia 

concenuation, investigated for the first time as a potential mediator of exercise hypefpnea, 

is related temporally to the partern of ventilation during exercise, although other mediators 

of ventilation were not eliminated as possible contributors toventilation by the experimental 

design. 

From the results of this study, the following observations were made. 

1. The ventilatozy response (VE) to exercise in glycogen depleted subjects was increased, 

relative to exercise in a control glycogen condition. The strategy to achieve a greater VE 

depended on the mode of exercise. During ramp exercise, the relative hyperventilation 

resulted primarily from an increase in f with no change in VT. During prolonged 

exercise in the glycogen depleted subject, the relative hyperventilation resulted from an 

even greatcs increase in f , required to offset a progressive fail in VT. 

2. The glycogen depletion model is useful to study ventilation in an intact subject because 

it allows a. different ventila~on at the s a m  ~;l,rc& rate t~ be cornpied. mere is obvious 

redundancy in the control of ventilation during exercise, since exercise hypsrpnea is 

present even in the absence of known ventilatory stimulants. For example, during 

ramp exercise in the glycogen depleted subject, and throughout prolonged exercise, pH 



was not a major facilitator of ventilatory drive. Thus, [Hf] was nor obligatory to the 

hyperpnea observed in the glycogen depleted supject, but it does not discount the 

possibility that it may be an important input to ventilatory drive in the intact individual. 

3. It map be argued that ammonia's position as a ventilatory stimulant is strengthened in 

the absence of metabolic acidosis, particularly in prolonged exercise. In this instance, 

when pH is not a primary candidate as a ventilatory stimulant, the response of K+ and 

T, to exercise were unchanged in the glycogen depleted subject relative to the control 

condition, whereas N H 3  was significantly elevated, and temporally related, to the 

obsemed increase in VE. 

4. There appeared to be an altered sensitivity in the ventilatory system in a glycogen 

depleted subject, suggested by: 

(i) h e  observed shift in the Euler plots (Vr-Tr-TE diagrams) in both ramp 

incremental prolonged exercise. 

(2) the observed increase in GE/ko2 at h e  same work rate during exercise in the 

glycogen depleted state. 

The results of this study support the following conclusions. 

1. Ammonia is a potential contributor to the stimulation of vE during exercise. 

2. In the glycogen depleted subject, the comibution of acidosis as a primary stimulant of 

ventilation is reduced, yet hy-perpnea is present during prolonged or intense exercise. 

This supports the theory of reduncancy in respiratory contrc!. Of the mediators cf 

vezailation measured in the present study, hW?* K+, norepinephrine, ATc, and pH all 

may contribute to ventilatory drive during exercise. 



3. The close temporal relationship between NH3 and VE during exercise in both normal 

and glycogen depleted subjects supports the hypothesis that NH3 may stimulate 

ventilation, especially during heavy exercise. Patterson and Nye (1988) suggested that 

K+ may increase the sensitivity of the carotid body during short term exercise. It is 

conceivable that NH3, which is both (i) neuroactive and (ii) contributing to central 

neurotransmitter metabolism, may also contribute to an increase in sensitivity of the 

ventilatory response to exercise. Other mediators of ventilation, however, must also be 

considered. 
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Appendix I 

Abbreviations 



Inosine Monophosphate 

Inhibitory Post Synzpfic Potentid 

Potassium Ion 

Potassium Chloride 

Sodium Hydroxide 

Norepinephrine 

Norepmephrine:EpinephL~e Ratio 

Ammonium Ion 

Oxygen 

Partial R e s s ~ e  of Cabon Dioxide (arterial) 

Partial Pressure of Oxygen (merial) 

End-tidal Prcss-are of Czrbon Dioxide 

End-tidal Pressure of Oxygen 

Hydrogen Ion Concentration, expressed as rhe negarive logarithm, using the 
Henderson-Easelbdch Eqzrion 

Plasma Volume 

Respiratory Exchange Ratio (GCQ /b2 ) 

Relative HumiOiry 

Ra&g of Perceived Exertion 

Revolutions Per Mnute 



;&02 VentiJatory Equivalent for Oxygen Consr?m?tion 

Go2 VoIme of Oxygen Per Minute 
VRG Ver;_oal Respiratory Group 

TIT Ventilatory Threshold 

ti. Tidal Volume 
VT,'TI Drive Conponent of Ventilation 

~ ~ % ~ u  Maximum Work Rate 



Appendix iI 

Table 4 Coefficient of I7ariatisn in each Biochemical Analysis 
following table is a s a m q  of the method used in each biocheaicd and the 

coefficient of variation of zl5e method determined in this study. 

Analyses Technique Reference Coefficient of Variation * 

Ammonia 

Glucose 

Hemoglobin 

Potassium 

Specqktotometric, lactate 
deh y cirogenase 

Speclropbotometic, glutarate 
deh ydrogenase 

C ~ i o ~ e ~ c ,  glucose oxihse 

Ifexokhase md glucose-6- 
phosphate dehqidrogenase 

Blood Gas -Analyzer, C B A  
Cornim 178. DH eiscmde 

DCL, 1989 4.5 

Marks and Dawson, 5.4 
1465 

Xorma! - 1.9 
High - 1.5 

Lynch, 1976 0.7 

Normal - 1.5 
High - 1.1 

*CwEcient of v&ation fCV)was based on duplicate analyses fron  he same blood smple. 
i: hterrnixm3 on duplicate maIyses of smndard solutions 



Appendix I11 

In the current study, a significant increase in VO2 at an equi\ralent work rate in both 

ramp and prolonged exercise was observed subjects were glycogen depleted 

compared wit? their control condition. There was no sinirIaf significant increase in VCOz 

between the glycogen depletion state and tine control condition, The R value, an index of 

muscle substrate memboiism. was significantly lower in each glycogen depleted state 

indicating a shift towards increased fa oxidaijon by the working muscle (Jansson, 1980). 

Because of the shift i~ the encrgy snbsn-ate iron1 carbohydrate to a larger proportion of fat, 

more U2 would have had to k consumed to generate an equivalent amount of ATP to 

match the energy demand of exercise. The ATP yield per mole of O2 is less for fats than for 

carbohydrates. If stored muscle glycogen is the carbohydrate sowce,a high-energy 

phosphate yield of 6.2 moles per mole of O2 consumed is expected. Siored fat, on the 

mher hand, yields 5.6 moles of high-energy phosphate per mole of O2 consumed 

<McGiii~ery, 1970; Newholme 2nd Leech, 1983). Thus for an equivalent energy 

dernmd, U2 consumption would be expected to increase by 62 /56 ,  or 19.6%, if purc, fat 

i~stead cxf pure carbohydrate was used as t_be only fuel substrate. An accurate estimate of 

 he proportior_ of fat and carbohydrate utilized at any point of the study was not possible 

because the EecesszT cctrrdition of a me~&~l ic  steady state, with no lactate production, was 

n3t ma.  



Appendix 1%' 

Individual scattergrams showing the relationship between the change in 

ventilation and the change in potential mediators of ventilation (ammonia, 

potassium, pH, core temperature, and norepinephrine) measured in this 

study. 



Figure 24 Scanergram showing the individaul relationship between the change iq 
ventilarion @d-ij and the charge in anmonia concentration (I-m,in-i) in response to 
ramp exercise in the GN condition. 



Figure 25 Scatlergam shotvhg the m&vidzrul relationsmp berwse~ me change LQ 
ventilation (I-mh-lj and thz chmgi: in potassium concentration (nV) in response to rxnp 
exercise in the GX con&r'ion. 



Figure 25 Scarterprn shrswing rhe individaul relationship bemeen the change in 
ventilarion (Imkci) 2nd the change in pH in response to rm-p exercise iri the CN 
condi2ition. 



Figure 27 Scattergram showiilg the individaul relationship between the change in 
ventilation (lnin-l) and t5e change ii1 core temperature ( O G )  in response to ramp exercise in 
the GN condition. 



Figure 28 Scanergram showing the i-rdwidaul relationship between the chmge in 
rcntila+iioii fi-mixx-!) and frie chmge in norepinephrine concenn-adon in-M) in response to 
ramp exercise in the GX condition. 



Figure 29 Scattergram showing the in0iv5daul relationship between  he change in 
venfifation (lmin-l) and the change in ammonia concentration Q-min-l) in response to 

exercise iz &e GDAcbm canditim. 



Figure 30 Scattergram showing the individaul relationship between the change in 
ventilation (1-min-I) and the change in potassium concen~ation (mM) in response to ramp 
exercise in LIC GDAcUm ccnditim. 



Figure 31 Scattergram showing the indlvidaul relationship between the change in 
ventilation (Imin-l) and the change in pH in response to ramp exercise in the GDAcLrrr; 
condition. 



.................................. CO'D=A,CcTE :\ . 

Plo; of V-VE* VTER. Symbol used is '*'. 

Figure 32 Scanergram showing the individaul relationship between the change in 
vendlation (l-&i-?) and the change in core temperature (T) in response to ramp exercise in 
the G D A m  condition. 



Figure 33 Scattergram showing the individaul relationship between the change in 
veTld-+- ~ i i m  A (l-iz&-l) md the cbange in norepinephrine concenuadon jnivij in response to 
ramp exercise in the G D A C ~  condition. 



Figure 34 Scattergram showing the individaul relationship between the change in 
ventilation (l.rnirrl) and the change in ammonia concentration @mix') in response to 
ramp exercise in the GDCHROiqC condition. 



Figure 35 Scattergram showing the individaul relationship between the change in 
ventilation 9.nin-1) and the change in potassium concentration (&f) in response to ramp 
exercise in the GDCMIOh~c condition. 



Figure 36 Scattergram showing the indi-cidaul relationship between the change in 
ventilation (l-min-l) and the change in pH in response to ramp exercise in the GDCmOm 
condition. 



Figure 37 Scattergram showing tine individaul relationship between the change in 
ventiiation (Ismin-1) and the change in core temperature ( O C )  in response to ramp exercise in 
the G D ~ O M ~  condition. 
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Figure 38 Scanergram showing the individaul relationship between the change in 
ventilation Omin-l) and the change in norepinephrine (nMj coiicsneation in response to 
m p  exercise in the GDCmOh2C condition. 



Figure 39 Scattergram showing the individaul relationship between the change in 
ven~laf;,m (!.min-lj a ~ d  the change in ammonia concentration (lmin-l) in response to 
prolonged constznt work rate exercise in the GN condition. 



Figure 40 Scatrergam showing the individaul relationship between the change in 
venti2ztion 0-min-I) aid the change in potassium concentranon (d~i) in response to 
prolonged constant work rate exercise in the GN condition. 



Ff gtre 41 S~attei,gm.m sshowiiig the iiidi~i0auI idationship between the change in 
ventilation fImirrl) and the change in pH in response to prolonged constant work rare 
exercise in zhe GN conditkm. 
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Figure 42 Scairer,v-~ shouilg the in&&ui reiaeonskp k s v e e n  me change 
ventilation (hixri) aqd rhe c h m p  in core temperature (OC) 21 response to prolonged 
cmsrmt work rare e x e r ~ s e  in tfhe GN cnndjeon. 



Plot of VitTf V-XOREPL Symbol used is '*'. 

Figure 43 Scatmega showkg ~hf:  individaul relationship between the change in 
vezilafion and xhe c h m g  in nmepimphrine concennation (nM) in response to 
p~o-olonged constat work rare exe~c-cise in the GN condition. 



Figure 44 Scattergam showing the individaul relationship between the change in 
ve.n_tila~on (I-mh-l) m d  rhe change in ammonia C O E C P ~ E E ~ ~ ~ O I I  (lmi11-1) in rp,snon-= y uVw to . 
prolonged constant work rate exercise in the G D A m  condition. 



Plot of V-VE*V_iC Symbol used is '*'. 

Figure 45 Scattergram showing +Lhe individaul relationship between the change in 
vcntilatio~i (i.min-lj and the change in potassium concentration j d j  in response to 
prolonged constant work rate exercise in the GDAmvE condition. 
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Plot of V-VE*V-PH. S)rnbl used is '" 

Figure 46 Scattergram showing the individaul relationship between the change in 
ventila~on (l.n13--~) and the change in pH in response to prolonged constant work rate 
exercise in the GDACLTE conhtion. 



Figure 47 Scattergram showing the individaul relationship between the change in 
ventilation (l-min-l) md the change in core temperamre ( O C )  in response to prolonged 
constant work rate exercise in the G D A c m  condition. 



loo * 

Figure 48 Scatter,gam showing the individaul relationship between the change in 
ventiiation (Imin-i) and the change in norepinephrine concentration (nMj in response to 
prolonged constant work rate exercise in the G D A C ~  condition. 
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Banister, E.W., and B . J. Cameron (1 990) Exercise-induced hyperamrnonemia: 
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Exercise-Induced Hj~erammonemia: Peripheral 
and Central Effects 

E r?: Banister and B. J. C: Corneron 
Sshooi of Kinesiolos. Simon Fiaie; Univzrsir). Burnab::. B. C.. Canada. V5.A 156 

Abstract 

E U Bawrer and B J C Catneron. Exer- 
clse-Induced Hqperammonemla Prnpherai and Central 
Efficts. Inr J Spozs Med Vol 1 I. Supp! 3. pp S179-S1-12 
L 590 

The inrent of this paper is to resiew-he recent 
Iirerature on exercise-induced hyperanunonemia (EIH) 
and to compare the current interpretations of ammonia ac- 
cumulation during exercise with the recobmized clinical 

' sjmptoms of progressive ammonia toxicity. In doing so. wc 
wili speculate on possible exercise-induced symptoms of 
CNS dysfunction which could result from elevated am- 
monia d u ~ g  intense short-duration or prolonged exercise. 

Ammonia is a ubiquitous metabolic pioduct 
jroducing multiple effects on physiological and biocheml- 
cal ssystems. Its concentration in several body compartments 

' is elevated during exercise. predominaiitiy by increased ac- 
t i i i t ~  of the purine nucleotide cycle JPXC) in skeletal 
muscle. Depending on the intensity a ~ d  duration of exer- 

: cise. muscle ammonia may be elevated to the extenr that it 
1 Ieaks f d f i s e s ; ~  from muscle to blood. and thereby can be 
; carried to other organs. The direction of movement of am- 

monia or the ammoninm ion is dependent on concentration 
1 and pH gzadients between tissues. In this manner. ammonia 
! can also cross the biood-brain barrier IBBB), althou* the 
I rate OF diffusion of ammonia from blood to brain during ex- 

ercise is unknown. It seems reasonable ro assume that ex- 
; haustire exercisz may induce a state of acute amnonia tox- 

icity which. although transient and reversible relative to dis- 
ease states, may be severe enough in critical regions of the 
CNS to affect continuing coordinated activity. Re9onal 
differences in brain ammonia content. detoxification 
capacity. and specific sensitivity may account for the vari- 
ability of precipitating factors and latency of response in 
CNS-mediated dysfunction arising from an exercise 
srimuius, e. g.. motor incoordination, ataxia, stupor. 

There have been numerous suggestions that 
elevated ammonia is associared with, or perhaps is re- 
sponsib!e for. exercise fatigue, although evidence for this re- 
lies extensive!? on temporal relationships. Fatigue may be- 
come manifest both as a peripheral organ or cen~ral nervous 
system phenomenon, or combination of both. Thus, we 
must examine the sequential or concomitant changes in am- 
monia concentration occumng in the periphery, the central 
nervous system (CXS), and the cerebrospinal fluid (CSF) 
induced by any effector, not only exercise! to interpret and 
rationalize the diverse physicat physiological, biochemi- 
cal. m d  clinical symptoms produced by hyperammonemic 
srates. Since more is known about elevated brain ammonia 
during 0th:  diverse condkions such as disease states. 
chemically ~nduced convulsion. and hyperbaric hyperoxia, 
some of these relevant data are discussed. 

Key words 

Ammonia, brain. central fatique. peripheral 
fatigue, purine nucleotides 

..lbbre*i.ations Asp Ac=aspa;?ic acid 
AT.4 = atmospheres absolute of pressure 

Xte fotlowing abbreviauons are used in the ATP=a&nosjne tfiphosphate 
texi, ti_gures. and rzhles. BBB = blood brain barrier 

BC.M=branched<hain amino acid 
.%%A=aromat~c amino acid 
AcCoA=acec).I coenzyme A 
ADP= adenosine &phosphate 
AXIP=adenosine monophosphate 

BC-a-keto acid dehydrogenase=branchedchain alpha-keto 
acid deh~drogenase 
BC 2+xo acid dehydrogenase=branched chain k ~ s o  acid 
dehydrogenase 
CSF=cerebrospinal fluid 
CNS=central nervous system 
GAD=dutamate deca&ox$ase 

I ~ L  J. Spons Mtd. 11 (1 990jS129-Sl42 
O Georg~m:meVeria_eSntttgarr+Keu k'ork ECS=extracellular space 

1 9 4  



EIH= exercise-induced hyperammonemia 
EPEN =epend\ima 
FF.4 = free fatry acid 
FG = fast-twitch $ycoi>qic muscle 
FOG=iast-twitch oxidative glycolytic muscle 
GAB@,= gamma-minobutfric acid 
GLN = glutamine 
GLU = glutamare 
5-HT= 5-hydroqvyptamine 
IMP=inosine monophosphate 
ISOLEU=isoleucine 
--KG Ac=alpha-ketoghtaric acid 
Lac,Pyr=ratio of lactate to ppr ia te  
LEU =leucine 
MAO=monoarnine oxidase 
a-methyl-ptq~osine= alpha-merh:~lpar~tyrosine 
X.kA=neutral amino acid 
NADH;%TT;ZC=ratio of reduced ro oxidized oicotine 
adenine dinucleotide 
NH 3 =ammonia 
N H -  =ammonium ion 
NE= norephinephrine 
O..W=oxaloacetic acid 
O H P = o x ~ e n  at high pressure 
PCr=phosphocreatine 
PFK =phosphofructokinase 
PHE =phenyIalanine 
PNC=pnrine nucfeotide cycle 
Pyr Ac=pqruvic acid 
SO=slow oxidative muscle 
Succ Ac=succinic acid 
TRP= trptophan 
T1X = tyrosine 
V.AL=valine 

Note: In this paper. NHj or ammonia are also 
used for the sum of NH3 (ammonia) and N H -  (ammonium 
ion), recognizing that NHj and NH:- are in equiii'orium 
 HI, A H- -NHi- j. The p% of this reaction is 9.3: thus, at 
physioio@cal pH, most ammonia is present as NH.' . 

General Ammonia Metabolism 

Whatever the source or fate of metabolically 
produced ammonia, there always seems to be some spilled to 
h e  biood. Thus, ammonia formed in one o r p  may be dis- 
rritmted widely in the body via the circufauon. 

generated in the gut (1 69. 176) from 
prorein digestion and deamination of glutamin- enrers the 
portal venous ciiculation in the amount of several grams per 
day in normal!? active. well-nourished adults (152). Periph- 
eral arterial concent-ation of ammonia is kept relatively low at 
rat, as shown in Table 1 (M), since the liver efficiently re- 
moves most gutderived a o n i a  for excretion or recircula- 
tion as urea, creatinine, $utamine, and ammonium ion (60.61. 
62.152). 

Gutderived nitrogen from the intestine a p  
pears in the circdation mainly as urea and glutamine, whereas 
labeled ammonia-nitrogen from tissue other &an the gut a p  
pears in the amide group of glutamine (37.148). The kidney re- 
leases h%; predominantly to the urine for excretion, alth~ilgh 

Fig. 1 Major organs of ammonia formatior,, utilization, and circula- 
tion either as free base NH3, ammonia ion NHr' , or relaied nitro- 
genous by-products [modified irom Kvarnme @7), Fig.:, wiih permis- 
sion 1. 

Table 1 Norma! concen:rations of ammonia in human blood and 
CSF and in rat b!od, S F ,  and brain 

Ammon~a Selected 
concentration (gM) references 

Human 
Arterial b1ood:plasrna 
Venous blood!plasns 
CSF 

Rat 
Brain 
A f l ~ ~ l a l  blood!plasma 
Venous blood!p!asma 
CSF 
Porlzi venous 
Heoaiic venous 

(Some data are extrapolated irom graphs T~ssue concentraitons 
were m!erpieted as ~ J T ~ : . K ~ - '  wet weight rnodiiled from ref 34, 
Table 1, with permwon 

some is also iiberated to systemic blood via the renal vein (77). 
It may be noted that extrahepatic shunting of a fiyperam- 
monemic load to the systemic circulation is also evident in dis- 
ease states of the liver, e. g.. during the development of hepadc 
encephalopathy (4, 119j. The extended life of metabolically 
produced ammonia is emphasized by the pathwa.iZ of am- 
monia escaping the @t and liver to be metabolized by extrahe- 
patic organs to glutarnine. Thereafter, glutamine may again be 
taken up by the gut as an e n e r e  source until its rernainbg pro- 
tein-nitrogen is excreted as urea. and its carbon skeleton as 
carbon dioxide and water (61,62,118). 

To these evident intra organ exchanges must 
now be added the complex tweuray interchanse between the 
brain and systemic circulation. Lockwc od et al. (91 1 have de- 
scribed ammonia transport into the brain (discussed later in 
this review). In addition. recent evidence, although is has been 
disputed (96). indicares that ammonia is returned to the circu- 
lation from the CSF either as glutamme (16. ?9. SO. 81) or as 
ammonia (31,34,125). 



Fig. 2 Physml signs of per~pheral and 
CNS fat~gue resuiting from the chronic sus- 
tained ex'iaustive effort of long-distance 
running under alien environmental condi- 
tions M!ddie. at altitude. the letl runner has 
bee? lapped, the middle runner who wins 
the race shows 11;tle physical distress. whiie 
;he right runner shows fatigue and motor In- 
coo,-drnat~on. Top left: at altitude. a runnet 
suffers com3lete physical col!apse and ob- 
v!ous pain Right: ?he marathon runner de- 
m0nst:ates classml atzxia Stupor is aiso 
r - ~  ~ ~ l e c t e d  by :be vacant f m a l  expression 

intra organ shuni- .Isparate - GTP 7 H:O - fumarate + G D P  - Pi + 
in:. and rscietion o i  nitrogenous products i, shown dia- NH: 
pramaiically ~n Fig. I (87). 

Deamination of other amino acids 
.At the celluiar level. ammonia prciduciion in Transamination :o an =-keto acid. follo~ved by oxidative 

diiierent ~issu-s is principally from: deamination 

Dsaminarion o i  glutamine catalyzed b! g1u:smlnase (58. . Oxidatlye dcamination of monoatnine neurorransmitiers 
161 1: by Sl;tO (63.  115) which may be an important regional 
L-piuramin- - H:O - L-glutamare - YH: sourcz oiarnmoiiia in the brain: 

R-CH-.NH: 7 0 2  + H$? - R-CHO - NH; + H.0: 
- Tne reveriible o:i:dative dramination of glutamart. caia- 

!?zed bj' gluzamats dchpdrogenase I I 3.11. 15-1~: Eyperammonrmi:! of Exercise 
durama?e - X.4DtPl- - H.0 - x-ksioluarate - NXD --- 
;P~H - H - -  NH; In the exercise physiology literature. ammonia 

produced by:. exercising muscle has been associated with 
Action of the PXC [principail  in muscle but a!so in the fatiguc. Previous review of EIH (8. 105) h a w  provided a his- 
b r a i n m d  othsr or,uans) (92.3.  !36.137.157): torical psrspcctive of the association of muscle-linked hyper- 
A M P  - Hz0 - IMP - \-H: ammonemia to escrcise-induced fatigue. Comprehensive re- 
14iP - asparate .- GTP - adenylosucdnatc - G D P  - Pi cent reviews alsoclearly indicate the centrai role played by am- 
.-2derq~iixuccixite - AMP - iumarare monia in the biochemistry znd physiolog of the brain ( 1  3. 13. 
Equivalent to: X. 39.87). It  would seem thai. as a consequence of their shar- 

136 



Table 2 Exchange of NH: across ;he Ieg and spiancnnic circuial*oi; zl rest and during exeicise --- ----- 
Rest' Submax exer!csee Maximum" 

Reiatwe wark 
Intensity 
(?c V02rnaxi 
Exercise 
iirne (minl 
Acerial plasma 
Ammonia, 
(umoi.1 - ' )  

Leg exchang? 
fumoi,%ln - ' j 
Lea bioqd flow 
f!.min - ' I  
S pianchn~c 
exchange . 
(umol.min - ' 1  
Hepatic 
blood fiow 
(kmn - I 

3 5 ~ 2  5523 8023 ? 00 

:5 30 45 3 

2"-"' , U-L. . 45 675.3 W.3z!2.1 l i 2 L 1 7  

S512.5 1 4 4 1 3  45.7: 15.3 89t2 i  

2 31 :O.Tj * -? 

~ . 3 3 f G  14 4.74,0 18 5.321'0.25 

-I-, ::I < - 1 3 . 7 ~ 1 3  -i4.8=3.6 n. rn. 

1011006 O.72~0.06 C.m1-0.07 n. m 

Data from ' ref. 42 and .' ref 84  .tit3 pemssion. Valses are reported as rnea~rSEM. nm=no! measured. Negative sign ior flux rates de- 

I d i  

notes as: uptake 

ing a common circulation and a pexasivr. blood-soiublc. 
toxic metabolite. the overt features of swalled PERIPH- 
ERAL and CENTRAL FATIGUE. i. c.. muscle weakness. 
motor incoordination. stupor. and a tma .  may bi. inestricabiy 
linked (Fig. 2). 

During exercise a shi:'. cakes place both in  he 
predominant source of metabolic ammonia production and 
also the blood supply to major organs ( 1  3 1 1 .  Active 8elcrnl 
muscle now becomes a majer source 3f ammonia (1.6.11.35. 
3%. 100) by deamination of AMP to IMP in a c)clical process 
called the purine nnclcotide cycle (PYC) (91). This cycle is 
also active in the brain (1 36. 137). although a change in its ac- 
tivity during exercise has yet to be invescigatcd. There has been 
some argument about bvhether the kineric characteristics of the 
enzymes catalyzing each step uf the PNC in muscie are iiltered 
ivhen phpsiological conditions deviate from those at rcst. 
Meyer and Terjung have suggested that the deamination srep 
of the PNC occurs preferentiall! during exercise. bvhile the re- 
amination of IMP to AMP procedes more favorah!? during re- 
cover?/ i lo?). Flow of AhIP rhrough the PNC may be affected 
by other metabolic reactions since AMP may also be d e p d e d  
by dephosphoqlation to aden?sine. The potential for am- 
monia production from AMP in an); particular fiber type de- 
pends on the ratio of the enqmes 5' nucieoridase (AMP 
phosphatase) to AMP deaminase. which varies as a function 
of the oxidative capacity of striated muscie ( 2  1, 100. 158 r .  Tis- 
sues with a high potential for ammonia producfon. as esti- 
mated by hizh activity of AMP dear?-?kme. appear to hay;e a 
relatively low potential for adenosiw production. The relative 
distribution of rhese enzymes in striated muscie is: 

i 1 )AMP deaminase: 
F G  > FOG > SO > heart 

i1)5' nucleotidase (AMP phosphatase!: 
heart > SO > FOG > FG 

Other potential contributors to EIH include: 
(i) deaminazion of amino acids. possibly during l o n g , e ~ - ~  

durance performance which stimulates protein uptake and 
amino acid catabolism in skeletal muscle 191). particulary 
branched-chain amino acids. iii! decrcase in rend blood floxv 
during exercise. which could reduce renal uptake and excre- 
tion of ammonia i 131 ). and (iiij reduced liver blosd fiow and 
extra hepatic shunting of ammonia to the systemic circulation 
(12.11.84. 13 1 i. 

It is evident. therefore, that hyperammonemia 
accompanying exercise in humans arises from several c. sources. 
During EIH the ammonia load represented by the above reac- 
tions may be temporarily held in the circulation before uptake 
by other organs for further catabolism and excretion. or it may 
remain permanenti\; bufcered in the blood bb- incorporation 
into other nitrogenous products. 

Factors influencing the rate of ammonia pro- 
duction by skeletal muscle during exercise include relative 
muscle fiber composirion (38. 1701. exercise intensit>'. and ex- 
ercise duration (5.6.3.55.175). which determine the demand 
for AT? formation as well as the extent of motor unit:muscle 
fiber recruitment (61). 

Previous suggestions that productioa of am- 
monia may stimulate glycolysis (91. 150) and therefore lactate 
production have been challenged 155). as has been the role that 
ammonia may play in buffering hydrq rn  ion during esercise 
(84). Recent inlvestigtiona have demonstrated clearly that 
E!H is not an obligatoiy adjunci io exercise-induced laciacid- 
nsis ( 5 5 ) .  The environmental PO? level rrppears to have para- 
doxical effects on EIH. Hyperosia resuirs in an elevated 
muscie and piasma ammonia i55) but less elevation of lactate 
[lo, 55, 53. 155. 171. 177). whereas Ftypoxic acclimation re- 
duces EIH. at least during submaxiriium exercise (1791. These 
apparently contradictory results also contrast with initial ex- 
perimenral evidence that ammonia is produced predomi- 
nantly from fast-twitch muscle. particularly during intense 
(anaerobic) esercise (38. iOO.lO1. 170). 



Fateof Ammonia in EIH 

Because of increased muscle NH? production 
during exercise. there is a shift from the net uptake of ammonia 
in skeletal rn1ucle obsersed at rest to a !arge net effiux into [hi' 
c~rcularicn dtlrmg exercise in humans, a-hich increases in mag- 
nitude as cxeicise intensity increases (Tabk 2 )  (JZ.84j. The im- 
portanr function of skelrtd muscle in removing circulating 
ammonia at res? (72.9 1 ) may therefore be reduced or reversed 
i l .  51,. although nooncirve muscie may st% pro\ide a venue 
f o ~  the uprake of ammonia from the blood. 

The mounting hyperammonemic load faced 
by rile body diiring exercise is evident in a risins blood am- 
monia concentration. although the imbalance between am- 
monia production and removal may be intenmly contained b) 
the blood and exercise continued for a considerable period. 
Tl?e liver, which normally re=dates biood ammonia, appears 
iior ro increase its rzte of ammonia extraction 12-1 5 
mol .min - ' )  during exercise. altliough the arteriovenoilj 
difference for TH3 across the liver must increase since blood 
flow to the liver decreases during exercise flable 23 (42, 84). 
Because the circulating ammonia concentration is incre~ied. 
ekeq area of the body is Q o a  exposed to a potential hyperm- 
monemia. 

W*nat mechanisms restrain exercise hyperam- 
mmemia? Tne curreat iireramre attributes exercise-induced 
ammonia flux principally to the action of MUSCLE iproduc- 
tion!. BLOOD !circulation), and LIVER (detoxificationi. 
This appears inadequate either during submaximal or intense 
exercise. Thus. we view the blood as sn  important storage com- 
partment with a role in temporarily accommodating and redis- 
tributing an acute or chronic ammonia load in plasma 133.60, 
61. 1 IS) .  If eslsting modes of blood detoxiEcation become 
limited during exercise either by reason of decreased blood 
flow to vital organs or by saturation of their detoxifying power. 
we speculate that little protection would then remain to the 
brain against a chronic and increasing ammonia load. It is evi- 
dent that blood ammonia is elevated during exercise. and it is 
equally well documented that ammonia crosses the blood- 
brain barrier (from blood to brain) under tlie influence of both 
concentration and pH gradients. Lockwood et al. (91) suggest 
that in normal subjects (at rest) NH3 is taken up from blood by 
iiver. skeletal muscle, bladder, and brain. and that within the 
brain itself, ammoniauptake is greatest in grey matter, i. e., cell 
bodies. Currently tittle information is available on the access- 
ibility of circulating blood ammonia to the brain during exer- 
cise in normal healthy individuals. We have found only one 
paper which reports elevated brain ammonia in rats during 
EIH ( 1  13). While the absolute values reported here in both 
blood and brain seem sometvhat high. the pattern of their 
elevation is consistent with the observed eleration of blood 
and brain awmonia in otlier conditions lencephalopathy, by- 
peroxia,etf.: 52.76.133,142.144). 

Pattern oftirnmnia Accumulation in Organs 

Exercise is one of a variery of stimuli effecting a 
transient or cliionic hyperammonemia. The common pattern 
of clinical symptoms which signifies developing toxicity in- 
duced by such disparare conditions as chemical poisoning, 
eiecvic shock disease, or hyperoda seems to proceed from pe- 
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Fig. 3 The progressive hierarch~cai elevat~on of ammonia concen- 
tration in various rat tissues due to a hyperox~c stimulus in resting ani- 
mals up to an oxygen pressure producing convulsion [from Singh 
and Banister 11441, Fig. 1, ~ i i h  permission]. 

ripherd involvement to central (CNS) dysfunction (34, 33, 
117. 120. 151). It seems unlikely. therefore. that the accom- 
panying pattern of organ hyperammonemia differs markedly 
in response to the different stimuli. A hierarchical picture of 
exercise-induced ammonia accumulation in major organs 
may perhaps be inferred from experiments in which hyperam- 
monemia has been induced by a different stimulus and 
specifjc tissue ammonia measured. Fig. 3 i 1 a) shows the pat- 
tern of developing hyperammonemia at rest in animals in re- 
sponse to an incremental hyperbaric oxygen stimulus. suffi- 
cient eventually to produce convulsions, a condition revers- 
ible when the stimuius is removed. During such exposure. the 
liver is the first organ to show a sustained progressive ammonia 
elevation. followed by the heart. skeletal muscle, serum, and 
brain. Conwlsive activity uwzUy accompanied a brain am- 
monia concentration of 0.90-1.10 pmo1.g- ' P n f i r m a t i o n  
of whether a similar temporal order of developmg tissue hy- 
perammonemia exists during an incremental exercise 
stimulus to exhaustion awaits development of adequate ex- 
perimental techniques to determine brain ammonia flux 
during ixercise in humans. However. the rise of blood am- 
monia above some critical level with other stimuli seems to sig- 
nal the onset of CNS symptoms severe enough to curtail 



Fate ofArnrnoniainthe Brain 

Ammoniz is zr, inportan! rnsabolite in en& 
genous brain metabolism. Cnder resting candirions the am- 
monia content of the brain is rnainta!ned at a relati~e!y !on 
conceniradon (fable i i (34). Any subsranr~d rniraneous in- 
!lux oTNH: across rhe BBB ma? serious!! unbalance i;s equi- 
1ibrii;m. ft is now acknoiviedgd that zmmonia has access ro 
the brain from the biood prsdominanri> m ir-e base NH:. bcr 
aiso as the NEL- ion I 3 1.52.3.  i?5 1 ,  its moT;menr is direc:ty 
dependent on concentrarion and pH gradients ( 3 3.33.9 I .  147. 
167). Mhen ammonia is presenxd to brain :issue ir, a iarpe 
siade dose. ar a rapid rare. or in con!unction v;i~h an alread~ 
ejtzblished elevated condition. s s i s ~ i n ~  endogenous de~oxifi- 
.cation mechanisms are ua;tb!t io cofiliin ihe increased am- 
monia load. an3 the brain animonia concenrration rists 
rapidl:; (53 .  67).  Over 2 prriud of conimuing hyperam- 
monemic challenge, the toxic ccntrai e1Tect of ammonia be- 
comes magnified and manifi-5t via rhr C f S  causing &vide- 
spread rather than local dq.sfizncrion. as 23;-d in the previoui 
secti~n. 

Xqe $u:amaie-C,lu:amine i!stem i 14. i 51 ;, a 
principal detoxification pathiva! for ammoma in the brzin. 
Evidence for this is that fo:lowing continuous czmmon carotid 
infusion of nitrogen label from j ammonia. the lzbel 
rapidly appears principalil- in the amino group o l  giuramarz 
and in both giutamine nitrogens 137. 148). Labrled carbon a p  
pears in g'rutamine within f min or a iarge L-['ii4c] glutamate 
infusion intracisterndly 1 ! 81. indicating a rapid r.mnove; in a 
small active glutamase pooi in rhe asiroc:;re raiher than in a 
%<-hole brain giutamare compartment (Fig. 41. Glutamine a? 
pears to acc as a principal inremedia? of rao-xq anxxonia- 
nitrogen exchange across rSe BBB ii 2.39.49. 5:) in ilir. ?CFJ- 
lation of brain ammonia. .A direct loss, < 3 -1 of Ae mtai brain 
SH; free base. occurs a: rest 13 1.175i. l3eer;:cni of this !OSS or  
gain during exercise. hou-ever. is uaknown. 

In associated reactions. $ u r m ~ a ~ e  ma:; also 
undergo oxidative decartioayla!ion by ghzirnaie decarbosy- 
lase lCXD) to form GABX 165. 66. I 3 i .  Glurlrr,ate and 
G.4B.A. respectively. have d e h e d  excifirarory and i n & b i ; o ~  
actions as neurotransmitrers. whi!e &tarnine has no knot<-n 
nrurotransmi;ter action (86). 

deve!oping ciinicai qmptoms ofmmonia  coziciry in humans. 
Neurologicd symptoms ascribed to ammonia toxicity include 
iibnomai locomotor behaxior i71;. altered sleep pattern ( 17). 
and modification o i  nnlrommrular coordinaiion (52  I. 

Ammonia from Protein Catabolism During 
Esercise- Its Influence on CTSToxicitv 

Exercise exerts several important effects on 
protein metabolism ii-hich may be relevant ro CNS roxiciry. 
First!:. it s?inulates catabolism of amino acids in muscle 
rprincrpally BCAAs) and contributes ro elerated biood am- 
monia t 90): second>-. rhc h>peramnonemia accompanying 
exercise increases the permeability ofthe EBB ro S.;W relative 
to other amino acids 126. 48. 97. 138i: rhirdy. the cim~lating 
BChA fracrion of the NA.4 s o u p  is reduced relative to :he 
XAA fraction, xhicb are neurotransmirter precursors. p rob  
ably due to enhanced BC .a uptake b:; active sk:letal muscle 
(2.20.3.113). Thus.irteA.1.1,~ iPbs. TrX. andTRPi are posi- 
rioned more favorabiy ij; up-&eacross the BEB (79. SO. S i  I .  

SkeIer& muscle h x  a aelldei~eloped capacity 
for amino 3cid catabolism. p;iniciiIxki the Bc.4-4~ I?, EL. 
1SOLEC.VAL) (99). The necessap- enzymes for degrade,ion 
of BCAAs are found principally in skeiera! muscie ( 103). Exer- 
cise dso  increases $he aciivi~: of a principai enpme IBC 30x0 
acid deh?drogen~ei  \v\-hicn continues [he degradation of 
B C A k  afri'ier zn iniiid :ransaminaiion. to giucogenic and 
kstogenic residues i 16% 

Enhanced uptake ef &S nrurotransmirter pre- 
cursors rPHE. TI'R. and TRPi may contribute to a neu- 
rotransminer irnbdance ivithin the cTS (3. 79. 80. Si ). Ku 
manowski and Grabiec (ilfTj] were firs: 10 report an esercise- 
induced tqcrease in brain seioronin tfm which TRP is the pre- 
cursor) and were also probably rjls first to speculate on its 
potenrial role in mediating CENTRAL FATIGUE. Several 
subsequent studies have su~lporred this iheoq. reporting an 
exercise-Induced decrease in the r a i o  of BC.LtiS.'AAA in 
blood. or  an increase in tfie brain uptake of A4.4 and brain 



OHP - Induced Exercise - induced Fig- 5 Corresponding changes in blood 
:SO- 733- ammonia, giutmaie, and giutamine in- 

A C duced by nigh pressure oxygen (OHPI !ead- 
I , 

ing to convuls~on (54, 58) and by exercise- 
induced hyperammonernia i5C. 50). Quanti- 

- /' 1 ta?fve dieeerences may be accounted for by 8; r 
r_ rm; 
A 

,; f .  - /i species diiierences [data from Singh and ; - 
- .  / f Banister (143 Fig. 5h. 5B) and Eriksson er - 

- -  I - .  i - - 65. 
Z 

a1 (42) (Fig. 5C. 5D), with permission]. 

serotogn concen:raiion (2. 20. 28, 29. l i 3  r. E!evated 5r&i 
siotoa& resdt-ing b n i  exercise could trigger mcii rhrigue-rr- 
iaied syniporos as iethargy, apperire suppression- and sieep 
disordeis (23. 116). A recent report. however. seems ro chzl- 
knge &ese ideas, indicating that TRP inges&~ psor lo exer- 
Fie. which wodd po~entiai'iy increase brain seroeooin synthe- 
sis. &axed t r t % M I  running endarance b>- &nos! 50% 
lI40). Irseased seroronin concenLra&n was posntlzied to 

- .  . 
&crease senilatmyi to p a k  thus dowing ?I.,?er,se exercie to . . 
mndni!e ngzfi-r!y lonser. 

Gronic elevation of brdri WE and seroronio 
(23 8 ,  'both of which are sphesized fro= .%%A picxrtisors, has 
&O been reported in response to endurance trziring. .a poxmi 
ri2;1.. -dd. ilegakre %pea of ?he above exerrlsc-induccd .A%% re- 
sponse is & endogenous brain ammonia cou!d be signs- 
-@- increased by e&mced dearnjn&oc of braia cat?- 
c h o ! a r h ~  an6 je?otoui~. Au-memed careci?lolpzmine tum- 
O V ~ T  ..ri& no change k I& whole brain carechol&ae pool 
size h a  been d%& demmst'ated ia r2tj dwing OHP expo- 
sure j&&g 10 brain h > p x a m o x ~ i ~  air, EZ-zierhy!-p 
& ~ o s k c  bbck of czrechdmize syrshesis (9). 

and G.4B.S (65. 66). By contributing to replenishment of the 
%troil\ie GLU pool (32), BC.4-4 uptake by the brain, which 
conrinues in spite of a reduced plasma BCA4iA.U ratio, is 
iiewed by some investigators aj occupying a pivotal role in the 
ginmnate-glutamine cycle of the brain (33). During exercise 
the absolnte plasma concentration of BC.;\As actually rises. 
a ~ ~ d  is nvo to three rimes higher than M s  (2, 20, 113). Al- 
&ou& the ratio of BCAA:AAA declines steadily throughout 
endtirmce exercise. i t  seems to remain above 2.0 (20,113). The 
imporiamx of continued BCAS uptake by the brain is il- 
lustrared by rhe reported effect that restoration of the '"or- 
md" brain BCk4/AA4 ratio (by B C M  idusion) has upon 
reducing ammonia-induced rosicity in h>~erammonemic ani- 
mais f 481 and possibly in humans with liver disease 1127,129). 

.Although dispured (96, 97i, it has been pro- 
posed rhar h e  uptake of B C A k  relarive to M 4 s  is facilitated 
by a concomitant GLN emm of ammonia-nitrogen from the 
brain (26,  79, 80, 81. 127). Glutamine is reportedly uniquely 
sqzthssized in siiu in brain microvessel epithelium and astro- 
cx-tes by eah=~ed g 5 ~ ~ n - h ~  symhetae activity (26. 50, 83, 
iOX. f I2j. Amxonia-induced disrtlption of the fiae structure 
of &e astrocqte-microvessel anatomical site of the BBB (36, 
t 09. ! l i , i 53 j ii.,ay a l s ~  inciease its perneabiky to NAAs, as 
noted above. 

Comparison ofthe Ammonia - Glutamine 
System in B i d  and Brain: An Extrapolation 
toExercise 

Evidence for a developing ammonia toxicity in 
the brain directly attributable or secondary to EIH is singu- 
larly lacking in the literature. Only one paper seems to have 
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Table 3 Concentration of ammonia, gluta;na?e. md glutamine in blood m d  bram produced by exercise. in disease states. or at the onsei o i  
coma or convulsion by other toxic stimu!i. Original sources are ~ndiczred by reference numbers in The table 

-- 
Blood Brain Selscted 

NH3 GLU G LN NH3 GLU GLN teterences 
i ~ r i t j  iprnol-g -') 

Human 
Sub maw. 80% max 
Exh. ex 97% 
a h .  ex. jrn% 
Exh, ex. (ninf 
Exh. ex. (cycle] 
Exh. ex. jhandpiip! 
?a:hological siares 
(wirh neurological symptoms) 
iiver disease 

R at 
Ex. 
Exh. ex. 
Exh. ex. 
Ex 2-t; run 
NHJC? infusion 

OH? (convulsion) 
CO2 breathing 
PCA 

PCA (coma) 

2.94 113 
104 
100 
28 

9 . a  2.9 5-57 1 59 
1 .DO 5.03 159 
1.13 5.? 3.82 7,9,142,143,144 

75 
Cortex: 0.5 15 25 

Bramsiem: 0.4 
Cortex: 4.5 

Branstern: 3.0 
i .25 

2.5 

Some data are extrapolated from grapns. ?CA=pow=;aI anastmos!s; Ex.=axercise; Exh. ex.=exhausiive exercise. 

addressed this ropic, almost incidently, during the study of ex- 
ercise-induced stimulation of neutral amino acid transport 
into the brain ( 1 13). It is evident. however, that OHP exposure 
of the rat produces a corresponding pattern of elevation in 
blood ammonia and glutarnine, and a conconitant reduction 
io blood glutamate as has also been observed durizg intense 
fariping exercise in humans (Fig. 5 j (42,142). 

Several papers have described similar changes 
iri these rnetabolires both in blood (human and acimd) and 
b r a  (animal] during the course of developing hyperam- 
monemia induced by different stimulil inciurfing exercise 
(Table 3). Some data could not be included as they were re- 
porred as fiiH;. not as absolute ~alues [e. g.. 38). This is in 
spite of species differences and variability of ana&tical t & -  
niques introduced in the various reports (see able for cited ref- 
erences). The similariry in order of magnitude of the final am- 
monia concentration in exnemir, i. e.: either at exhaustion or 
cxiii&ioni produced by exercise nr a &eq d mher foxic 
stimuli in blood and brain, respec~ely. is compehg. fr may 
indicate that an upper limit of tolerable organ hperammone- 
&a e&s &? *Ae w?-&e t;;& or & s o s e  ~ G &  br& c ~ m p m -  
ment. above which si-gs of C N S  dy$mmion become a p  
pmnr. 

Fig. 6 shows that the padern of change of am- 
monia, gltltarnate, and @utarnine concentration is similar in 
both bfood and brain during the course of animal exposure to 
OHP at 5.5 ATA leading to con~dsion. GAB-4 and glutamate 
decrease while concomitantly brain ammonia and glutamine 
increase (1 42). 

Metabolic Effects of Ammonia 

Details of the metabolic effects of ammonia 
have been rw<ewed previously [31,87,105). X summary is pre- 
sented in Table 4. It seems the multiple secondary effects of ex- 
ercise hyperammonemia may be traced f i t  io an energy defi- 
cit in the periphery enhanckg ammonia production by the 
PNC and BC.U catabolkm which leads more importantly 
and finally ro a depletion ofATP in critical regions of the brain. 

The reportet' effect of ammonia on specific 
eqnz-mediated reactions and associated metabolic path- 
ways suggests that ammonia may alter the rate of energy pro- 
duction and subsequent availabiiry of ATP. An ammonia wn- 
centration of 1-3 .pnol-g-' in the brain depletes ATP and ele- 
vates ADP and AMP, pamcutarly in the brainstem ($3,53,67). 
Brain ammonia atmiis these values in several hyperamrnoneic 
waditions {Table 3j. 

The reducrion in oxidative merabohsisn: 
through the Krebs' cycle and electron transport chain may not 
he mtched by i;tcreasiseb &coly!?;jis iadiiced by hyperam- 
monomia, although conflicting observations Limit precise in- 
zerpretation of the role played by ammonia in intermediary 
metabolism. 

Theoretidy, the diversion of glucose carbon 
ro gluramine synthesis through CO,- faation induced by h p  
perammonemia in the major detoxification process in the 
brain may also represent a loss of 28 of 38 equivalents of ATF' 
potentialb available from glucose oxidation (30). COz fm- 
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Exposurr Time 

fig. 6 Changes in biood and brain metabolites o b s e ~ e d  during 
OH? rxwsure ieading to convulsrons in rats. Gluramine was 
measured &s combined glutamine and asparagirie ffrorn Singh a n d  
Bznis:er (3421. with permrsiionj. 

don, which repknishes the brain's a-bon pool. is aiso an 
egergy-requiring p r e s s  (19, 116. 134). Cxbon drain on the 
EBB asuocyte pool may be replenished in ~ ! e  astroqte by the 
mapierotic reactions described above. by neuronaliy 8erived 
uriiim acids, or X.&& uptake as described earlier. 

InQreci evidence supporting mch a simplify- 
ing conept of energ  depletion stems from prominent astro- 
c$c changes induced by hyperamrnmemia, including en- 
largement and mitochondrial proiferation (27, 56, 57: !OPr 
!8@ SignZcant changes in neuronal astrocye fine suucture 
may reflect the intense metabolic acdvity needed to sustain 
gtutamine r)-~~thrsis and brain ammonia homeostasis. This 
maybe analogous lo the fine s r J u ~ u r e  disruption observed in 
the periphery 1ezdi;le to proliferation of skeieta! and cardiac _ 

Table 4 Mechanisms of hyperammonemic disruption of biochemi- 
cal pathways and energy metabolism. Original references are cited. f 
indicates an increase in activ~ty. 1 indrcafes a decrease in activ~tj. - 
~ndicates no change in activity, ? indicates a possible inhibition or 
depletion 

Process or Reaction Actcon Reference 

Adenylate cyclase 
(rat brain, !her & fat) 
Adenylate cyclase (liver & fat) 
Glutamate decarboxylase 
Glutamate dehydrogenase 
lsocitrate dehydrogenase 
MA0 (brain! 
Na-K-ATPase (brain) 
PFK 
Pyru~aie carboxylation 
Tissue ATP 
B3B permeability i o  N M .  BCAA 
Blood glucose, lactate. FFA. 
ketone bodies 
Carbamoyl phosphate synthesis 
(liver) 
Cerebral respiration 
Electron transpon chain 
Energy charge ratio 
Glycogen stores (skeletal muscle, 
heart. Iwer: brain) 
Glycoiysis 
LaclFyr. NADHiNAD ratios 
Malate-aspanaie shuttle 
PCr (brain) i 69.98, 135 
Protein synthesi (bra!n and liver) 4 40, 139, 168 

muscle mitochondria following their initial disruption in re- 
sponse to eshaustive exercise (1 1,51.58,85,89). 

Integration aftheEIH Effects in the Peripherq. 
and CXS 

Fig. 7 summarizes the overall ammonia flux 
and interorpan relationships proposed to result from FIH. 

.4mrnonia arises directly from skeletal muscle 
actisity under exercise stress. Periphera! fatigue may be in- 
fluenced by the in situ production of ammonia in skeletal 
muscle and its stimulating. bur perhaps wasteful effec: upon 
glycolytic flux, local lactic acid production. and substrate 
depletion. Proposed causal relationships between ammonia. 
lactate, and fatigue are disputed. however, and remain equivo- 
cal (78, 156, 172). It is certain, however, that muscle activity 
during exercise contributes in a significant manner to hyper- 
zmmonemia, 2nd that the blood compartment absorbs and 
distributes an increasing ammonia load to other metabolic 
sites including the liver and brain. During sustained, ex- 
tremely e~hausring exercise, the detoxification capacity of pe- 
ripheral organs may become saturated and blood NH; rises. 
The brain thus becomes exposed to the toxicity of excess am- 
monia. 

Endogenous sources of brain amnionia in- 
elude (i) neurotransmitter deamination. (ii) oxidative deami- 
nation of GLN and GLU in nerve endings and asuocytes, re- 
spectively, and (iii) the brain PNC. some or all of which may be 
stimulated by exercise. 



and B. J. 6. 

CENTRAL FATIGUE 

Fig. 7 Pathways of ammonia production and detoxification during exercise-induced hyperammonemia. Postu!ated mechanisms coniribut- 
ing to PERIPHERAL and CENTRAL EXERCISE FATIGUE. Abbreviat~ons used are described previously [figures incorporated in the diagram 
are modmd from: Banisteret a[. (61, Fig. 21, Graham et al. (551, (Fig. I), Weyne et al. (1731, (Fig. 5). w~th permission j. 

Enhanced bran m o r - t a  may rnterfere with 
rhe concentration of key me?aboiites of the tightly linked 
t r k r b g l i c  acid cycle arid mahieasparate shunie trans- 
porting reduced equivalents from the cy~osol to the respiratory 
chain in mitochondria There may be disruptive hyperam 
monemc effects on: (i) metabolism and ATP availabilit) in 
critical regions of the brain. (ii) astrocyte and neuronal fine 
structural disruption, (iii) an increase in the lacrate/pqmvate 
ratio, and (iv) brain pH. 

303 

fUthough the chronic hyperammonemia of 
chemical toxicit?: and disease is manifest in the welldefined 
neurological d~sturbances discussed earlier. symptoms of neu- 
rological dysfunction induced by acute and even chronic exer- 
cise-induced hyperammonemia may present more subtly due 
to the relative transient nature of the stimulus producing them. 
Nevertheless, they may be identified and associated with per- 
formance decrement during exercise e.~tremis. Dramatic il- 
lustration of this is the loss of coordination (ataxia; collapse) 
during intensive endurance exercise under compounding. 
alien, environmental conditions, e. g.. in the heat or at alrirude 
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(Fig. 2). The onset of heat stroke for example is heralded by 
conflicting CNS-associated symptoms, e. g.. a bounding o r  
threzdy pulse, by ayession or  apathy. by a dry red skin, o r  by 
profuse sweating. Overall there is loss of motor coordination 
and finally stupor and coma (175). The observed symptoms 
n a y  be first interpreted as indicative of PERIPHERAL 
F.4TIGUE in which there is no  accompanjing loss of coordi- 
nation, o r  fucidiry of thought. or behavior. bur only developkg 
muscle weakness and an awareness of strained breathing, 
heart sounds. sweating. and an un~villingness to  continue. 
Under more strenuous and alien environmental conditions. 
the toxic C N S  effects of serious h!?erarrxnonemia become in- 
creasing!~- obvious so  that in ememis CE\TIt;\L FATIGUE 
is dominant in which motor control, coherent tloupht. and 
even consciousness are iost. 

Acknowlzdgernenzs by funds from the narural Science and En- 
g i n e e ~ n g .  
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