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PREFACE

This thesis is presented in two chapters. Chapter I is a literature review of the role
of potassium as a mechanism of muscle fatigue, the function of the Na'-K" pump and the
regulation of Na'-K" transport during exercise. Chapter II presents the thesis research
related to exercise-induced hyperkalemia, membrane excitability and force and the
adrenergic control of potassium homeostasis. Chapter II is presented in a manuscript
sytle suitable for publication.

v



ACKNOWLEDGEMENTS

I would like to acknowledge the contributions of several people which made
completion of this work possible. Thank you to Dr. Audrey Hicks, my advisor, for
presenting me with the opportunity to perform a challenging piece of work which
captured my interest. 1 am grateful to the other members of my supervisory committee,
Dr. Robert McKelvie, Dr. Neil McCartney, Dr. Cameron J. Blimkie and Dr. Vickie Galea,
my association with each had a valuable impact on the learning process. A special thank
you to Dr. Robert McKelvie for his interest and assistance as I worked toward completing
the final stages of this project.

A deserving mention to the volunteer subjects for withstanding the labour of
testing with compliance and even good humour! My appreciation to Jay MacDonald,
Joan Martin and Kelly Smith for contributing their time and support throughout the
lengthy (?!!) testing phase. As well, the administrative work performed by Mary Cleland
and Christine Steffan and the technical expertise offered by John Moroz were greatly
appreciated.

It was a pleasure to have the assistance and friendship of Jennifer Lotwis O'Brien.
Her enthusiasm for learning brought a wonderful spirit to the effort of this task.

There are many who have influenced the attainment of this goal; I am grateful to
all of those colleagues and family who helped to make this a meaningful and worthwhile
experience.



CHAPTER I

1.1
1.2

1.3

1.4

1.5

1.6

CHAPTER II:

21
22
23

TABLE OF CONTENTS

REVIEW OF LITERATURE

Introduction

Muscle Membrane Excitability
1.2.1 The Resting Membrane Potential
1.2.2 The Action Potential

The Role of Potassium in Muscle Fatigue
1.3.1 Potassium Efflux During Exercise
1.3.2 Mechanisms of Potassium Efflux

Control of Potassium Homeostasis During Exercise

1.4.1 The Role of the Na"-K* Pump

1.4.2 Regulation of Active Na'-K" Transport
1.4.2.1 Adrenergic Control of Na'-K" Homeostasis
1.4.2.2 B-blockade and Potassium Homeostasis

The "K™" Hypothesis
1.5.1 Potassium, Muscle Membrane Potential and Fatigue

Summary

THE RELATIONSHIP BETWEEN BETA-BLOCKADE,

PLASMA POTASSIUM CONCENTRATIONS AND
MUSCLE MEMBRANE EXCITABILITY FOLLOWING
STATIC EXERCISE

Abstract
Introduction

Methods

2.3.1 Subjects

2.3.2 Experimental Design

2.3.3 Drug Administration

2.3.4 Phase 1: Establishment of Drug Doses

2.3.5 Phase 2: Effect of B-blockade on Plasma [K'], Muscle
Excitability and Force

vi

PAGE

SN

(VL RV, ]

10
10
11
13
15

16
16

19

21
23

25
25
25
25
26

27



2.3.6 Data Analyses

2.4  Results
2.4.1 Phase 1: Determining Equipotency of Drug Doses
2.42 Phase 2: Effect of B-blockade on Plasma [K"], Muscle
Excitability and Force

2.5  Discussion
2.5.1 The Effect of f—blockade on Plasma [K"]
2.5.2 The Effect of B-blockade on Muscle Membrane
Excitability
2.5.3 The Effect of B-blockade on the Relationship Between
Plasma [K'] and Force

2.6  Summary
Tables
Figure Legends
Figures
REFERENCES
APPENDICES
A Pre-Screening Questionnaire and Consent Form

B: Data - Chapter II
C: Analysis of Variance Summary Tables - Chapter 11

vii

31

33
33

39

39

41

42

44

46a

50

52

60

69
73
93



LIST OF TABLES

CHAPTER 11 PAGE
Table 1 Subject Characteristics 46a
Table 2 Subject Submaximal Heart Rates 47
Table 3 Baseline Measurements 48

Table 4 Baseline Measurements (M-wave) 49

viii



LIST OF FIGURES

CHAPTER II PAGE

Figure 1 Experiment apparatus and electrode placement 52
Figure 2 Schematic diagram of experimental protocol 53
Figure 3 Lactate concentrations 54
Figure 4 Potassium concentrations 55
Figure 5 Voluntary torque 56
Figure 6 Evoked twitch torque (7op)

Half-relaxation time (Bottom) 57
Figure 7 M-wave amplitude (Top),duration (Middle),area (Bottom) 58
Figure 8 Relationship between femoral venous plasma potassium

concentration and twitch torque during recovery 59

ix



CHAPTER 1
REVIEW OF LITERATURE
1.1 INTRODUCTION

Muscle fatigue has been measured and defined in various ways during the long
history of its study, yet there is still no consensus as to the underlying mechanisms or the
major sites at which fatigue occurs. Recently, it has become increasingly evident that
disturbances in electrolyte regulation during physical activity are closely linked to the
processes of muscular fatigue. Specifically, the rise in extracellular potassium
concentration ([K']) with exercise is thought to contribute directly to fatigue through
K'-induced depolarization of muscle fibre membranes (Sjogaard et al. 1985; Hnik et al.
1986; Medbo and Sejersted 1990).

The Na™-K" pump is a membrane-bound protein that attempts to maintain the
concentration gradients for sodium (Na") and K' necessary for the maintenance of resting
membrane potential and action potential (Bia and DeFronzo 1981; Clausen and Everts
1989). As a transport mechanism under adrenergic control, Na'-K" pump activity is
inhibited by beta-adrenoceptor antagonism (B-blockade) and several studies have
demonstrated significantly higher plasma K" concentrations during exercise under
conditions of B-blockade (Rosa et al. 1980; Linton et al. 1984; Williams et al. 1985;
Cleroux et al. 1989). Although changes in excitability may be inferred based on

measurement of plasma [K'], the relationship between plasma [K'], muscle excitability and



muscular performance may best be understood by actual measurement of muscle
excitability during exercise-induced hyperkalemia and during B-blockade.

This review will focus on the role of K" as a factor responsible for muscle fatigue.
To begin, a brief overview of the fundamental factors responsible for membrane
excitability and impulse transmission will be presented. The effect of exercise-induced
changes in plasma [K'] on muscie membrane excitability will then be introduced as an
important mechanism responsible for muscle fatigue. This will be followed by a discussion
of the role of the Na'-K" pump in preserving K" homeostasis. Finally, regulation of active
Na'-K'" transport by the adrenergic system will be addressed with attention to the effects
of B-blockade.
1.2. MUSCLE MEMBRANE EXCITABILITY

Since the "cross-bridge theory of muscle contraction" was published (Huxley
1957), the primary focus in understanding muscle fatigue has been the actin-myosin
reaction as the limiting step. However, in order for this reaction to occur in voluntary
muscle contractions, there must be an excitable muscle membrane. The excitability
depends upon the resting membrane potential, which depends on the distribution of
electrolytes across the membrane. The following discussion considers this characteristic
of excitability of the muscle membrane.

1.2.1 THE RESTING MEMBRANE POTENTIAL

All neurons have an electrical charge on the membrane that results from a thin

cloud of positive and negative ions spread over their intra- and extracellular surfaces. Ina



nerve cell at rest, there is a net excess of positive charges on the outside of the membrane
and a net excess of negative charges on the inside. The membrane is able to maintain a
separation of charge because it acts as a selective permeability barrier to the diffusion of
tons. This separation of charge is responsible for the resting membrane potential (£ )
(Koester 1991).

Measurements of £_with intracellular electrodes and flux studies using radioactive
tracers indicate that nerve cells are permeable to Na" and Cl as well as to K" (Koester
1991). An equation derived from basic thermodynamic principles is used to calculate the

membrane potential at which each of the ions is in equilibrium (Nernst 1888):

RT fion],
Eion = In
ZF [ion],

where E.  is the value of membrane potential at which an ion is in equilibrium, R is the gas
constant, T the temperature in degrees Kelvin, Z the valence of the ion, F the Faraday
constant, and [ion], and [ion], the concentrations of the ion on the outside and inside of
the cell. At rest, the membrane potential (E_) is closest to the Nernst potential of K™ (£),
the ion to which the membrane is most permeable. However, because the membrane is
also somewhat permeable to Na’, there is an influx of Na’, which drives E_ slightly
‘positive to E,. At this membrane potential, the electrical and chemical driving forces
acting on K" are no longer in balance, so that a steady efflux of K™ from the cell results

(Kimura 1989).



If the passive fluxes (due to diffusion) were allowed to continue unopposed for
any appreciable length of time, the ionic gradients would run down gradually, reducing the
resting membrane potential. Dissipation of ionic gradients is prevented by a membrane
bound Na'-K"-ATPase (the Na'-K" pump) which maintains K homeostasis across the cell
membrane by extruding Na* from the cell while taking in K" (Clausen 1986). Typically,
three Na” ions are extruded in exchange for two K’ ions during each cycle of the pump
(Glynn and Karlish 1975). Since the Na'-K" pump moves Na™ and K" against their net
electrochemical gradients, energy from the hydrolysis of ATP is provided to drive these
actively transported fluxes. Although the major part of the enzyme activity seems to be
associated with the sarcolemma, the transverse tubules (T-tubules) are known to contain
Na'-K'-ATPase activity, although at a considerably lower density (Lau et al. 1977;
Narahara et al. 1979; Seiler and Fleischer 1982).

1.2.2 THE ACTION POTENTIAL

To generate an action potential, the membrane potential must be made less
negative by reducing the charge separation across the membrane (i.e. depolarization). An
excitatory postsynaptic potential acts as a transient depolarizing potential which causes
voltage-gated Na" channels to open. The resultant increase in membrane Na" permeability
allows Na" influx to outstrip the K* efflux such that the membrane potential approaches
E,, at the peak of the action potential (Kimura 1989). Two somewhat slower processes
limit the extent of depolarization: 1) there is a delayed opening of voltage-dependent K

channels that increases K” efflux and 2) there is a slow inactivation of the Na" channels



which decreases Na' influx. This combination of events continues until the cell has
repolarized to its resting value (Koester 1991).
1.3 THE ROLE OF POTASSIUM IN MUSCLE FATIGUE

A prerequisite for action potential propagation along the sarcolemma and into the
T-tubule is a membrane potential of approximately -80 mV. Any perturbation in the ionic
concentrations would be expected to affect muscle excitability by altering the membrane
potential of the single muscle fibres. There has long been speculation that K, released
into the interstitial spaces by contracting muscle fibres induces a rapid decrease in
excitability and subsequently, a reduction in the force generating capacity of the muscle
(Sjogaard et al. 1985; Hnik et al. 1986; Medbo and Sejersted 1990). To understand the
proposed role of exercise-induced K" loss in the development of muscle fatigue, it is
important to gain insight into potassium fluxes during contraction as well as the
mechanisms of K' release by skeletal muscle.

1.3.1 POTASSIUM EFFLUX DURING EXERCISE

It is well established that a rise in plasma [K"] accompanies muscular contraction
(Keys 1937; Skinner 1961; Laurell and Pernow 1966; Saltin et al. 1987, Medbo and
Sejersted 1990; Sjegaard 1990). A variety of analytical approaches including electron
probe technique (Gonzales-Serratos et al. 1978), neutron activation analysis (Lindinger
and Heigenhauser 1988), and ion selective electrodes (Hnik et al. 1986) have shown that
this K" originates from the contracting muscle. This is true in isolated in vivo and in vitro

muscle preparations as well as in voluntary contractions of single muscle groups and



whole body exercise in humans (Sjegaard 1990). Moreover, studies of exercise-induced
changes in extracellular [K"] all confirm the early findings by Fenn (1938) that muscle K’
loss is proportional to the magnitude and frequency of muscle contraction (Hirche et al.
1980; Vyskocil et al. 1983; Sjogaard et al. 1985; Hnik et al. 1976, 1986, Sahlin and
Broberg 1989; Juel et al. 1990). For example, Wilkerson et al. (1982) sampled blood
from the arm antecubital vein during treadmill running exercise at submaximal intensities

of 30, 45, 60, 75 and 90% of VO,__ and found that plasma [K"] increased linearly with

2max
exercise intensity. Plasma [K'] measurements as high as 7 mmol/L (arterial) and 8
mmol/L (femoral venous) have been reported following whole body exercise (running,
cycling and swimming) at high intensities (Hermansen et al. 1984; Kowalchuk et al. 1988,
Medbo and Sejersted 1985, 1990). Conversely, low contraction frequencies permit a
more complete reaccumulation of K* and result in smaller increases in plasma [K']
(Vyskocil et al. 1983; Hnik et al. 1986).

Although'the magnitude of the increase in plasma [K'] alone cannot be used to
calculate how much K" is lost from contracting muscle, it is a good reflection of the rate
of K" release from muscle. For example, a high femoral venous plasma [K'] of 5.8 to 7.3
mmol/L at the end of 3.2 minutes of supramaximal exercise corresponded to a total K”
release from muscle of 7.6 mmol/L (Juel et al. 1990). In contrast, the total K* release

during 65 minutes of exercise to exhaustion at 67% of VO, __ was 22 + 4 mmol/L and

2max

femoral venous [K*] attained a value of less than 5.6 mmol/L at the point of exhaustion

(Sahlin and Broberg 1989).



Studies that employ whole body exercise are, however, limited in calculating
fluxes specifically from the exercising muscle since the recruitment pattern of the various
muscles may be very complex and specific to each movement or exercise pattern. Thus,
isolated in vivo or in vitro muscle preparations provide more precise estimates of the
magnitude of K™ losses relative to different activity patterns. A model which has proven
to be especially well suited for the study of "isolated" in vivo exercising muscle in humans
is knee-extension. Static contractions have been studied most often with a knee-angle of
90° and a strap around the ankle connected to a force-transducer. Of particular relevance
to the current work is that static knee-extensions ranging from 5 to 50% of the maximum
voluntary contraction (MVC) have been shown to cause significant changes in arferial as
well as femoral venous plasma [K'] within 0.5 to 3 minutes of sustained contractions
(Saltin et al. 1981; Sjogaard 1988; West et al. 1996). Moreover, the highest rate of release
has been shown to occur at 25% MVC, while total K" loss is largest with 5% MVC
because of the longer duration of this contraction (Sjegaard 1990).

Although plasma [K'] is considered to reflect interstitial [K'], measurements of
femoral venous plasma [K*] underestimate the interstitial concentrations during exercise.
Microelectrode studies of stimulated dog, cat and mouse muscle have shown the rise in
the extracellular [K'] to be greater than that of the simultaneously collected venous
effluent [K'] (Hnik et al. 1976; Tibes et al. 1977; Hirche et al. 1980). Similar
contraction-induced changes in interstitial concentrations in active muscle have been

reported in humans. Vyskocil et al. (1983) inserted microelectrodes directly into the



intact human brachioradialis during a maximal static contraction and found that interstitial
[K'] increased from 4.5 mmol/L at rest to an average of 9.5 mmol/L, and exceeded 15
mnVL in one individual.

1.3.2 MECHANISMS OF POTASSIUM EFFLUX

The mechanisms of K' loss from contracting skeletal muscle include losses due to
electrical activity via three types of K* channels (Kolb 1990): (7) the delayed rectifier K
channels which are responsible for repolarization after the action potential, (i7) the
ATP-sensitive K channels, and (ii7) the Ca™ -sensitive K™ channels.

The ATP- and Ca"™ -sensitive K’ channels have been largely disregarded as being
involved in normal muscle activity because the intracellular calcium concentration [Ca™]
was assumed to remain too low, and the ATP concentration too high, to open these
channels. However, there is increasing evidence that both channels may in fact contribute
directly to the K* loss and membrane potential depolarization during muscle contraction.
The following summarizes the proposed significance of these K' channels as a mechanism
of K” efflux.

It 1s well known that mean cellular ATP concentration in muscle samples never
reaches the low concentrations required to open the ATP-dependent K™ channels for a
significant period of time (Hultman et al. 1990). However, what has not been considered
is that ATP may not exist as a single pool, but may be compartmentalized, with a specific

membrane pool that is mainly linked to the Na'-K" pump (Proverbio and Hoffman 1977;



Mercer and Dunham 1981). The ATP-sensitive K™ channels may respond mainly to the
concentration of the membrane ATP pool rather than myofibrillar concentrations of ATP.
As proposed by Spruce et al. (1987), during intense activity, the membrane ATP may be
sufficiently reduced by ATP-ase activity, resulting in a conformation of the channel
protein to permit the efflux of K.

The Ca™-sensitive K™ channels may also open in relation to muscle activity. Fink
et al. (1983) have suggested that local shortages of ATP supply may increase the Ca™
sensitivity of the Ca™"-activated channels in skeletal muscle. This would be important
during times of continuous stimulation or repetitive stimulation over a long period when a
sustained elevation in cytosolic [Ca™] could damage the cell (Jackson et al. 1984
Edwards 1988; Vollestad and Sejersted 1988). An effective way to lower cytosolic Ca™
would be to block the transmission between T-tubule and sarcoplasmic reticulum. The
obvious mechanism is for the Ca™-sensitive K" channels to increase K™ conductance.

Thus, involvement of these two K* channels in muscle activity would theoretically
lead to impaired action potential propagation and a loss in the force of muscle contraction.
It follows from this, that these membrane mechanisms of increased K™ conductance may in
fact contribute to a system which continues to allow contraction at reduced rates and
forces while preventing catastrophic changes in cellular homeostasis which could lead to
irreversible cell damage. Although these theories are very speculative at the present time,

it is interesting that, as noted by Sjegaard (1990), they are consistent with the suggestion
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by Bigland-Ritchie et al. (1979) that the critical requirement for energy may not be for the
myofilaments but rather may be at the level of the membrane.
1.4 CONTROL OF POTASSIUM HOMEOSTASIS DURING EXERCISE

From the preceding discussion, it is obvious that the K™ released from the
exercising skeletal muscle produces a significant physiological challenge. Theoretically,
the loss of K from the working muscles would flood the plasma with K™ within very short
intervals of time and subsequently cause severe interference with excitability and
contractile performance. Fortunately, skeletal muscle is equipped with a mechanism that
has been shown to play a dominant role in the short term regulation of plasma [K"]. This
mechanism is the Na'-K" pump (Skou 1965; Bia and Defronzo 1981; Clausen 1986;
Clausen and Everts 1989).

1.4.1 THE ROLE OF THE NA*-K*' PUMP

In most neurons, the Na'-K* pump is not neutral but electrogenic, that is, the
pump increases the charge separation across the membrane, making the membrane
potential more negativé. The resulting hyperpolarization helps to overcome the
depolarizing tendency of the increased interstitial [K'] and to delay the loss of membrane
excitability (Koester 1991). At rest, the Na'™-K" pump has be shown to add approximately
-10 mV to E_ and during muscular activity, the electrogenic contribution from the pump
may increase up to as much as -30 mV in an attempt to overcome large increases in

extracellular [K'] (Hicks and McComas 1989).
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Physiological evidence for increased Na'-K" pumping during muscle activity has
been obtained in a study of rat soleus muscles examined in vivo. Hicks and McComas
(1989) observed that repeated tetani at 20 Hz increased the mean resting potential from
-79.5 mV to -90.5mV. They attributed this increase to the electrogenic effect of the
Na™-K" pump as subsequent experiments repeated in the presence of ouabain (a selective
inhibitor of the enzyme), or in the absence of extracellular K, failed to produce the
hyperpolarizing effect.

Further evidence for increased Na'-K" pumping during exercise is seen in the
phenomenon of 'pseudofacilitation’. Studies have demonstrated that during stimulated or
voluntary activity, there is little or no decline in the M-wave, but rather, a gradual increase
in its amplitude (Hicks and McComas 1989; Hicks et al. 1989; Galea and McComas
1991). The most plausible explanation for this potentiating effect rests in the findings of
the aforementioned study (Hicks and McComas 1989), that the individual muscle fibre
action potentials are enlarged due to an increase in E_ resulting from enhanced Na'-K"
pump activity. The dramatic M-wave enlargement shown in single fast twitch motor units
of the cat tibialis posterior muscle (Enoka et al. 1992) lends strong support to this
proposal. In this regard, potentiation of the M-wave has led to the utilization of the
M-wave as a non-invasive index of Na'-K" pump activity.

1.4.2 REGULATION OF ACTIVE NA*-K* TRANSPORT

The active transport of K™ and Na” is a function of the density of pumps and the

activity of each pump (Lindinger and Sjegaard 1991). The density of pumps has been
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shown to change due to factors such as age, muscle activity, and K" availability (Kjeldsen
et al. 1984, 1985, 1986), but these are slow processes and therefore do not play a role in
acute exercise-induced hyperkalemia. The activity of the Na"-K" pump is likely controlied
by several mechanisms. During muscle activity, one factor will be the rise in intracellular
sodium concentration ([Na']), as demonstrated by the effects of direct stimulation of
single muscle fibres (Hodgkin and Horowicz 1959), and of Na’ injection into neurons
(Thomas 1972). However, Everts et al. (1988) reported a 63% increase in pump activity
in rat soleus muscles stimulated at 2 Hz, without a concomitant increase in intracellular
[Na'], which suggests that factors other than intracellular [Na'] are also responsible for
stimulating the pump. Similarly, it has been suggested that a rise in interstitial [K'] cannot
be a major stimulus, since the effect of increasing extracellular [K'] in resting muscle is to
depolarize the fibres (McComas et al. 1993).

In contrast, there is evidence that catecholamines may be a potent stimulus, with
the effects mediated by B-adrenoceptors (Clausen 1986; Sejersted and Hallen 1987).
Hence, studies into the control of pump activity have made extensive use of
B-adrenoceptor agonists and antagonists in an attempt to identify the regulatory role of
catecholamines in Na'-K" homeostasis. The following section reviews the role of the
adrenergic system as a control mechanism in determining Na'-K' distribution and

membrane potential in skeletal muscle.
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1.4.2.1 Adrenergic Control of Na*’-K* Homeostasis

Epinephrine causes rapid changes in plasma [K"], a fact that has been known for
over 50 years (D'Silva 1934). Our understanding of the in vivo effects of catecholamines
on Na'-K" homeostasis is largely based on the analysis of their effects on isolated muscles.
In resting skeletal muscle in vitro (animal and human), regardless of whether epinephrine
is administered as a single intravenous injection or a continuous infusion, its effect is
characterized by decreases in extracellular [K'] and intracellular [Na'] and an increase in
intracellular [K"] (D'Silva 1934; Todd and Vick 1971; Evans and Smith 1973; Hays et al.
1974; Lockwood and Lum 1974; Brown et al. 1983).

The mechanism by which epinephrine promotes the cellular uptake of K seems to
involve [-adrenergic receptors (Todd and Vick 1971; Wang and Clausen 1976;
Lockwood and Lum 1977; Buur et al. 1982; Flatman and Clausen 1989). Although
epinephrine is an alpha (a)- as well as a non-specific B-agonist, several studies have
demonstrated the ébility of isoproterenol (a non-specific B-agonist) to similarly lower
plasma [K"], thus indicating a B-adrenoceptor-mediated effect (Todd and Vick 1971,
Lockwood and Lum 1974; Pettit and Vick 1974). This is consistent with the ability of
propranolol (a non-specific B-blocker), but not phenoxybenzamine (an a-blocker) to
prevent the hypokalemic effect of $-agonists (Todd and Vick 1971; Lum and Lockwood
1972).

Further studies with selective ;- and B,- agonists have shown that the effects of

epinephrine are elicited specifically via B,-adrenoceptors in skeletal muscle (Todd and
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Vick 1971; Olsson et al. 1978; Clausen and Flatman 1980; Brown et al. 1983; Vincent et
al. 1984). For example, Lockwood and Lum (1974) showed in cats that f,- but not
f3,-agonists protected against the lethal effects of K infusion and reduced the rise in
plasma [K']. More recently, Juel (1988a) found that administration of the [B,-agonist
terbutaline during electrical stimulation of isolated mouse soleus muscle resulted in 34%
smaller depolarisation of the membrane potential, 32% less reduction in intracellular [K'],
and a 27% smaller increase in intracellular [Na"] compared to stimulated control muscles.
Also, muscles treated with terbutaline were somewhat more resistant to fatigue as
demonstrated by a 10% smaller reduction in force upon electrical stimulation.

Further to these observations are reports that ouabain blocks the hyperpolarizing
effect of B-adrenoceptor stimulation, thus confirming that the actions of epinephrine and
B-agonists are the result of increased active Na'-K" transport (Tashiro 1973; Clausen and
Flatman 1977; Ballanyi and Grafe 1988; Juel 1988a).

Hence, the physiological relevance of catecholamines in K* homeostasis rests in
the fact that in skeletal muscle, the most commonly occurring rise in extracellular [K'] is
elicited by exercise and is associated with an elevation of the plasma concentration of
catecholamines (Christensen and Galbo 1983; Williams et al. 1985; Clausen et al. 1987).
High circulating plasma levels of epinephrine stimulates B-receptors, which in turn
produces a marked and rapid activation of the electrogenic Na'-K" transport (Hays et al.
1974; Clausen and Flatman 1977; Rogus et al. 1977; Pfliegler et al. 1983). This favours

the net loss of Na™ and the accumulation of K" in the muscle cells, thereby preventing
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toxic hyperkalemia. Clearly, this could be of importance for the maintenance of
excitability and contractility during exercise.

1.4.2.2 (-Blockade and Potassium Homeostasis

In contrast to the results seen with B-adrenergic stimulation, B-blockade has been
shown to inhibit the epinephrine-mediated stimulation of muscle K™ uptake (Carlsson et al.
1978; Lim et al. 1981; Williams et al. 1985). In this regard, one would expect that
inhibition of the Na'-K" pump with B-blockade may be an important limiting factor for
physical performance through its effect on K* homeostasis and thus muscle excitability.
Moreover, because control of the Na-K™ pump is mediated specifically by
B,-adrenoceptors, one might predict a greater effect of f3, -antagonism (non-selective
B-blockade) versus f,-antagonsim (selective f-blockade) on the rise in plasma [K'].
Reports of an increased plasma [K'] response (Carlsson et al. 1978; Lundborg et al. 1981;
Brown et al. 1983; Gordon et al. 1985; Williams et al. 1985; Cleroux et al. 1989) and
increased fatiguability (Pearson et al. 1979; Lundborg et al. 1981) under non-selective
versus selective B-blockade support this prediction. Furthermore, Clausen and Flatman
(1980) observed in the rat isolated soleus muscle that stimulation of electrogenic ion
transport was completely blocked by the B,, antagonist, propranolol, whereas the
B,-selective antagonist, metoprolol, was found to be at least 50 times less potent. In
resting humans, Brown et al. (1983) showed that adrenaline infusion selectively stimulated
B,-adrenoceptors and produced a hypokalemic effect; this effect was abolished when

epinephrine was infused together with a f3,-selective adrenoceptor antagonist. In a study
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of humans performing progressive exercise to exhaustion, Williams and colleagues (1985)
found that B-blockade with propranolol resulted in a larger increase in plasma [K'] than in
controls and a sustained elevation of plasma [K'] during 30 minutes of recovery.

1.5 THE "K' HYPOTHESIS"

The work surrounding this topic of exercise-induced K" fluxes has culminated in
the "K' hypothesis" - a theory suggesting that the depolarization induced by the
accumulation of K" near the surface membrane is sufficiently large to impair mechanical
tension development (Bigland-Ritchie et al. 1979; Sejersted et al. 1982; Sjggaard et al.
1985; Sjegaard 1986; Medbo and Sejersted 1990). Both an increase in extracellular [K']
and a decline in the intracellular [K'] will independently reduce (i.e.depolarize) the
potassium potential and E_  (Adrian 1956; Hodgkin and Horowicz 1959b). A
depolarization of the sarcolemma will decrease the amplitude of the action potential
(Jones and Bigland-Ritchie 1986; Juel 1988b) by affecting the degree of inactivation of
Na" channels (Hille 1968; Adrian et al. 1970; Ildefonse and Rougier 1972; Campbell and
Hille 1976). This in turn will cause a smaller release of Ca™ and diminished tension
development, as concluded from voltage clamp studies (Ashiey and Ridgway 1970;
Vergara et al. 1978).

1.5.1 POTASSIUM, MUSCLE MEMBRANE POTENTIAL AND FATIGUE

Changes in intra- and extracellular [K'] have been shown to attain a magnitude
which may depolarize the membrane significantly. A decline in E_ of approximately 8 to

14 mV has been calculated in human muscles following exhaustive exercise, as well as in
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stimulated perfused rat hindlimb muscles ( Sjegaard 1983, Sjegaard et al. 1985; Lindinger
and Heigenhauser 1988, 1991). Even greater declines in £_ of up to 20 mV have been
demonstrated using direct microelectrode determinations in mouse extensor digitalis
longus (EDL) muscle fibres (Juel 1986) and in frog single muscle fibres (Westerblad and
Lannergren 1986). Moreover, this membrane depolarization is probably more
pronounced in the T-tubular system, resulting in impairment of action potential
propagation through this system (Jones 1981; Jones and Bigland-Ritchie 1986).

1.5.1.2 The Compound Muscle Action Potential

Impairment of electrical propagation is readily evident by examination of the
muscle compound action potential (M-wave). The M-wave is the algebraic sum of all of
the impulses evoked in a population of muscle fibres and therefore, provides information
regarding impulse propagation between the nerve branches and the recording electrodes
(Bigland-Ritchie et al. 1979; Duchateau and Hainaut 1985; Enoka and Stuart 1992). The
peak-to-peak amplitude of the M-wave is considered representative of membrane
excitability in skeletal muscle since it is dependent on both the resting membrane potential
and the amplitude of the single fibre action potential. The duration of the M-wave is
influenced by the synaptic delay across the neuromuscular junction, the synchronization of
the muscle fibre action potentials and the conductance of the inward Na" and the outward
K" channels within the muscle fibre membranes. An increase in duration, producing a

broadening of the waveform, reflects a slowing of conduction velocity along the muscle
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fibre membrane which may be attributed to a reduction in membrane excitability
(Bigland-Ritchie et al. 1979).

M-wave recordings obtained in humans using surface or fine wire electrodes have
provided indirect evidence that changes in the action potential shape and propagation
velocity play a role in muscle fatigue (Bigland-Ritchie et al. 1979, 1981; Bigland-Ritchie
and Woods 1984; DelLuca 1984; Jones and Bigland-Ritchie 1986). Notably, a decline in
M-wave amplitude and an increase in M-wave duration has been reported during
sustained voluntary contractions in humans (Milner-Brown and Miller 1986; Bellemare
and Garzaniti 1988). These observations have contributed to the "K" hypothesis" as
evidence that fatigue might be due to action potential failure, which is likely to be related
to increased extracellular [K"] (Bigland-Ritchie et al. 1979; Sejersted et al. 1982; Sjegaard
et al. 1985; Sjegaard 1986, Medbo and Sejersted 1990). Intracellular action potentials
recorded directly from isolated muscle preparations provide further support for this
hypothesis. For example, an in vitro preparation of non-fatigued skeletal muscle
demonstrated a 70% reduction in the muscle action potential following an increase in the
[K'] of the bathing medium from 5 to 10 mmol/L (Jones 1981). As well, a 20 - 40%
reduction in action potential conduction velocity in rat muscle fibre bundles (Kossler et al.
1989) and in isolated mouse soleus and EDL (Juel 1988b) was observed when
extracellular [K'] increased from 5 to 10 mmol/L.

However, two additional observations in both human and animal studies support a

growing speculation that the site of impaired action potential transmission may not be
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located specifically in the sarcolemmal part of the muscle membrane. First, the described
changes in the shape of the M-wave are not a consistent observation in human studies of
fatigue (Bigland-Ritchie 1981; Merton et al. 1981) and second, most studies on muscle
preparations have failed to observe a direct temporal relationship between sarcolemmal
action potential amplitude/duration changes and muscle fatigue development or recovery
(Sjegaard 1990). 'These findings point to the T-tubule as the location of transmission
failure. Ionic shifts similar to those across the sarcolemma are also likely to occur across
the T-tubule membrane, and because of their restricted volume, larger ionic concentration
changes may occur than at the sarcolemma. Hence, it is not unreasonable to propose that
transmission failure is more likely to occur in the T-tubular system than along the
sarcolemma.
1.6 SUMMARY

The results of animal and human studies have suggested the importance of
increased extracellular [K"] as a mechanism for muscle fatigue during exercise. While the
membrane-bound Na'-K'-ATPase plays an important role in maintaining K" homeostasis
during muscular activity, B-blockade has been shown to inhibit the [-adrenoceptor
mediated Na'-K' transport, leading to an elevation in plasma [K™]. An accumulation of
extracellular [K"] along with a reduction in the electrogenic contribution of the Na'-K"
pump during B-blockade might be expected to impair muscle membrane excitability and
contribute to the devek_)pment of muscle fatigue. Hence, the relationship between plasma

[K'], muscle excitability and muscular performance may best be understood by the
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measurement of muscle excitability during exercise-induced hyperkalemia and during
B-blockade.

The M-wave is representative of skeletal muscle membrane excitability (and
Na'-K" pump activity) and therefore is useful in determining this relationship. A recent
study reported that 3-blockade did not exert any specific effect on either force or M-wave
characteristics (Cupido et al. 1994), however, the intermittent nature of the fatigue
protocol may have allowed sufficient bilood flow in between contractions to wash out any
significant accumulation of extracellular K*. A study performed prior to the current work,
developed a fatigue protocol that successfully elicited a significant increase in plasma [K']
(West et al. 1996). Interestingly, the results again demonstrated no evidence of a loss in
membrane excitability, providing further support for the role of the electrogenic Na™-K"
pump in maintaining excitability of the muscle fibres.

The focus of the following research is to further investigate the role of the Na™-K"
pump in preserving muscle excitability during muscular activity. Chapter two will
compare the relationship between plasma [K'], muscle excitability and force under
conditions where the Na'-K* pump is supposedly intact (placebo, selective B,-blockade)
with the conditions in which the Na'-K" pump is inhibited (non-selective B-blockade).
The hypothesis addressed in chapter two maintains that when the Na'-K" pump is fully
functional, it makes such a significant contribution to the membrane potential that muscle
excitability is maintained during exercise in spite of the dramatic increase in extracellular

K.



CHAPTER 11

THE RELATIONSHIP BETWEEN BETA-BLOCKADE, PLASMA POTASSIUM
CONCENTRATIONS AND MUSCLE EXCITABILITY FOLLOWING
STATIC EXERCISE

2.1 ABSTRACT

The effects of B-blockade on plasma [K'], muscle excitability and force during
exercise were examined. Nine healthy males (mean age 22.3 = 1.7 yr) performed a 3- min
fatigue protocol that consisted of a sustained submaximal contraction (30% MVC) of the
right quadriceps muscle. Subjects performed the exercise after treatment with either
placebo, P, -selective (metoprolol, 100 mg) or an equipotent dose of non-selective
B,,-blockade (propranolol, 80 mg, n = 6; 100 mg, » = 2; 120 mg, n = 1) twice a day for
76 hours before testing according to a randomized double-blind design. Arterial and
femoral venous blood samples were drawn at rest, during exercise and during 15-min
recovery. Maximal stimulation of the right femoral nerve was performed simultaneously
with each blood sample to evoke a twitch and a compound muscle action potential
(M-wave). The exercise-induced rise in plasma [K'] did not differ between treatments,
but K™ uptake during recovery was slower following [, -blockade. The evoked M-waves
were unaffected by treatment, suggesting that [B-blockade does not affect muscle
membrane excitability following fatiguing exercise. However, during the propranolol trial,
there was a significantly greater reduction (51.9 + 7.3 %) in maximal voluntary torque
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after the fatigue protocol compared with metoprolol (40.7 = 3.6 %) or placebo (389 *
3.6 %). Also, evoked torque was lower during the period of increased extracellular [K"]
following B, -blockade. These results suggest that the effect of f3,,-blockade on K’
homeostasis during isometric muscle activity may occur at a point distal to surface

membrane action potential, most likely in the T-tubular region.
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2.2 INTRODUCTION

Exercise causes an elevation of plasma potassium concentration [K'] as a
consequence of a net efflux of K” from the working muscle (Sjegaard et al. 1985). Since
the intracellular-to-extracellular [K*] gradient is crucial in the maintenance of membrane
potential and excitability, the rise in extracellular K™ during muscular activity might
contribute to muscle fatigue by depolarizing single muscle fibre membranes and thereby
reducing the force generating capacity of the muscle. To prevent K'-induced membrane
depolarization during exercise, the sarcolemmal Na'-K" pump not only opposes the K'
and Na' fluxes across the cell membrane (Bia and Defronzo 1981; Clausen and Everts
1989) but due to its electrogenic nature, also contributes to the membrane potential of
skeletal muscle (Hicks and McComas 1989). The ensuing hyperpolarization then helps to
overcome the depolarizing tendency of the increased interstitial [K'] and to delay the loss
of membrane excitability.

Short term control of the Na'-K* pump is exerted not only by impulse-mediated
alterations in ionic concentration gradients, but as well, through the adrenergic system
(Clausen 1986). It has been suggested that improved clearance of exercise-induced
increases in extracellular K may result from a p,-adrenoceptor-mediated effect of
endogenous catecholamines on active Na'-K* transport (Clausen and Flatman 1980).
Notably, several studies have reported an earlier and more rapid elevation of plasma [K']

with exercise, following treatment with B, ,-blockade as opposed to B,-blockade (Linton

1984; Cleroux 1989). Conversely, B,-adrenergic agonists have been shown to enhance
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cellular K* uptake by skeletal muscle in vitro (Lockwood and Lum 1974; Clausen and
Flatman 1977; Brown et al. 1983; Juel 1988a). Evidence of this nature has led to the
belief that B,-adrenergic receptor stimulation is an essential element in short-term K*
homeostasis through the regulation of K' uptake by skeletal muscle.

A recent study conducted in our lab that examined the effects of exercise-induced
hyperkalemia on muscle excitability and fatiguability reported no evidence of a loss in
muscle membrane excitability in spite of very significant increases in plasma [K'] (West et
al. 1996). The authors attributed this finding to the Na'-K® pump-induced
hyperpolarization of individual muscle fibres. However, that they also observed a strong
relationship between the recovery of force and plasma [K'] suggests that increased
extracellular [K] may be exerting its effect at a site distal to surface membrane action
potential propagation (i.e. the T-tubules).

An investigation of the effects of both P, ,-blockade and B,-blockade on plasma
[K"], muscle excitability and force would help to clarify the role of the Na'-K~ pum\p in
preserving muscle membrane excitability during exercise. The primary purpose of the
present study, therefore, was to compare the relationship between femoral venous plasma
[K'] and muscle excitability under conditions where the Na'-K* pump was supposedly
intact (placebo, [3,-blockade) and when it was inhibited (B,,-blockade). It was
hypothesized that treatment with B, ,-blockade would significantly impair the ability of
the pump to offset the rise in extracellular [K'] and this would lead to earlier and more

rapid force failure as a result of excitability failure. Evidence of this effect was expected
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to be found in both the femoral venous plasma [K'] and in the assessments of muscle
excitability and force during and following fatigue.
2.3 METHODS

2.3.1. SUBJECTS

Nine healthy male university students, whose mean (= SD) age, weight and height
were 22.3 = 1.7 yrs, 77.4 £ 7.8 kg, and 175.0 = 7.1 cm, respectively, volunteered to
participate in this study (Table 1). All were in good health and had no previous history of
respiratory or neuromuscular disorders. The subjects were fully informed of the risks
associated with the experimental procedures, and gave their written informed consent as
requested by the medical ethics committee of McMaster University.

2.3.2 EXPERIMENTAL DESIGN

This study was conducted in two phases. Phase 1 was performed to establish
equipotent doses of propranolol (B, ,-blockade) and metoprolol (B,-blockade) for each
subject. Phase 2 was then undertaken to examine the effects of these drugs on plasma
[K"], muscle excitability and force.

2.3.3 DRUG ADMINISTRATION

For a three day period immediately prior to the scheduled testing day, subjects
received twice daily oral doses of either 100 mg of metoprolol or an equipotent dose of
propranolol. The final dose was taken on the fourth consecutive day, one hour before
testing.  Subjects. reported to the laboratory following a light breakfast and having

abstained from nicotine or caffeine products for a twelve hour period. At least seven days
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separated each of the drug trials to ensure complete drug washout. During phase 1 of the
experiment, both subjects and investigators were unblinded to the drug intervention.
Phase 2 was designed as a randomized double-blind placebo controlled study.

2.3.4 PHASE 1: ESTABLISHMENT OF DRUG DOSES

This stage of the investigation was undertaken to establish the equipotent dose of
propranolol required by each subject to produce the effects elicited during exercise by 100
mg twice daily of metoprolol.

Apparatus. Maximal and sub-maximal dynamic exercise tests were performed on
an electrically braked cycle ergometer (Monark #868). After securing a noseclip into
position, subjects executed the test while breathing through a rubber mouth-piece
connected to a Plexiglass open-circuit gas collection system. Expired gases were sampled
at 30-second intervals in order to obtain measurements of oxygen (model OM-11 oxygen
analyzer, Beckman) and carbon dioxide (model 78356A capnometer, Hewlett-Packard).
The. gas proportion was read by custom-made software (Vacumetrics) in an IBM
computer that computed the oxygen uptakes of the subject over the course of the exercise
test.

Silver-silver chloride electrodes (No. 2248, 3M) were used to monitor heart rate
(Respironics, Exersentry, IL) continuously during exercise. The chest was carefully
prepared (shaved, abraded and wiped clean with rubbing alcohol) before placement of the

electrodes in the V5 position.
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Experimental Protocol. Maximal oxygen consumption (VO,__) was determined

in the control state by a progressive cycle ergometer exercise test. Cycling began at 200
watts and the work load was manually incremented at 2 minute intervals until exhaustion
(defined as failure to maintain a cycling rate of 50-60 rpm) was reached. Subsequent

drug trials were performed at 70% of each subjects VO under two different

2max
conditions: 1) metoprolol (100 mg twice daily) and 2) an initial dose of propranolol (80
mg twice daily). For the purposes of this study, the doses were considered equipotent if

the heart rate attenuation at 70% of the VO,__, in the control state (HR,,) differed by less

P
than +5 beats/min during the two drug trials. Failing this, the propranolol dose was
adjusted by 20 mg twice daily (raised or lowered) for three days and a repeat exercise test
was performed. The titration process proceeded as necessary until all subjects
demonstrated a HR, that was within the required +5 beats/min of that measured during
their metoprolol trial. By limiting the variability in heart rate attenuation to +5 beats/min,

the mean submaximal heart rates between the two drugs were almost identical (111 + 3

vs. 112 * 3 beats/min), suggesting that similar degrees of 3-blockade were achieved.

2.3.5 PHASE 2: EFFECT OF 3-BLOCKADE ON PLASMA [K],
MUSCLE EXCITABILITY AND FORCE

Catheterization. Indwelling catheters were used to draw blood from the right
femoral vein and the right brachial artery for measurement of plasma [K'] and plasma
[La]. Catheterization of the brachial artery and femoral vein was performed one hour
before the test. After cleansing the inguinal area with betadine and administering a local

anaesthetic subcutaneously (5-10 ml of 2% xylocaine without epinephrine; Astra
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Pharmaceuticals Inc., Houston, Texas), the Seldinger technique was used to position a
catheter (VC FN 7.5-38-J, Cook Canada Inc., Stouffville, Ontario) approximately 13 c¢m
retrograde into the femoral vein. The antecubital area was then prepared in a similar
manner and following infiltration of the skin with 1 ml of 2 % xylocaine without
epinephrine, a Teflon catheter (20 gauge, 3.2 cm; Becton/Dickinson and Co., Sandy,
Utah) was introduced percutaneously into the brachial artery. A slow infusion of
nonheparinized isotonic saline (0.9% NaCl, Baxter Healthcare Corp., Deerfield, Illinois)
was used to maintain patency of both catheters.

Stimulating and Recording Apparatus. Surface electrical recordings of evoked
M-waves were obtained from the vastus medialis muscle. Evoked twitch torques and
maximal and submaximal voluntary torques of the quadriceps muscle group were obtained
as measurements of mechanical force. Figure 1 (fop) demonstrates the leg apparatus
utilized in this study. The electrode placements, pressure cuff position and femoral
catheter site are represented in Figure 1 (bottom).

Subjects sat with their right knee flexed at a 90° angle and their back against an
upright support such that the upper leg was positioned at a 100° to the trunk. The leg
was prepared for electrode placement by shaving the skin and rubbing it with an abrasive
and alcohol. Two 57 mm X 103 mm carbon-impregnated rubber electrodes coated with
an electrode jelly were used for transcutaneous stimulation of the right femoral nerve.
The cathode was placed in the inguinal crease, over the course of the femoral nerve, and

the anode was placed on the anterior aspect of the mid thigh area. Electromyographic
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(EMG) recordings were made with two disposable silver-silver chloride monitoring
electrodes (No. 2248, 3M) with a recording surface of 5 mm. According to a monopolar
derivation, the stigmatic electrode was placed over the belly of the right vastus medialis
muscle and the reference electrode was placed approximately 2 cm distal to this and
slightly medial to the patella. A silver strip electrode (6 mm X 50 mm) served as the
ground and was placed on the lateral aspect of the right thigh, between the anode and the
stigmatic electrode. After wrapping a blood pressure cuff (Baumanometer Calibrated
V-Lok Cuff, W.A. Baum Co. Ltd., Copiague, New York) loosely around the right leg
immediately below the knee, the lower leg was secured in a metal brace by two Velcro
straps fastened around the proximal and distal aspects of the lower right limb. Two
additional Velcro straps were fastened around the proximal and middle portions of the
right thigh to stabilize the upper leg throughout the test. Isometric force produced by the
knee extensors was determined from a strain gauge mounted at the level of the knee joint
within the metal leg brace.

A high-voltage stimulator (Devices Stimulator 3072, Medical Systems Corp.) was
used to deliver single rectangular voltage pulses (pulse width: 200-500 us) to the femoral
nerve. The EMG signals from the recording electrodes were fed into a Honeywell
Accudata EMG Amplifier (model #135A) at a sampling rate of 2.7 KHz, filtered (.004-2.5
KHz), and were displayed in real time on a VGA computer monitor (model 2431PO,

CTX). The EMG and the evoked and voluntary torques were streamed continuously to
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disk by means of a Dataq waveform scrolling board (AT CODAS Interface Card; Dataq
Instruments Inc., Akron, Ohio) in an IBM-compatible computer.

Experimental Protocol. ~ The experimental design and timing of the data
collection are summarized in Figure 2.

Pre-Fatigue. Once the subject was secured into the testing apparatus, baseline
(BL) blood samples were drawn from both the brachial artery and the femoral vein.
Following this, the peak torque was determined by progressively increasing the
stimulation intensity until no further increase in torque or M-wave occurred. Baseline
values of peak twitch torque (Pt) and M-wave were then recorded. This voltage was used
to evoke all subsequent twitches throughout the remainder of the experiment. Next,
subjects executed three maximal voluntary contractions (MVC) of the right quadriceps
muscle group, with 1 minute rest intervals between each 5 second contraction. The
highest torque value was used as the outcome measure (MVC1) and to determine the
force required for the subsequent fatigue test. An interpolated stimulus was delivered
during the voluntary contraction as an indication of the degree of muscle activation
achieved by the subjects (Belanger and McComas 1981). The theoretical motor unit

activation (MUA) was calculated as follows:

% MUA = Twitch Torque - Interpolated Twitch Torque x 100

Twitch Torque

Just prior to commencement of the fatigue protocol, a second baseline assessment

was performed that included an arterial and femoral venous blood sample as well as an
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evoked M-wave and twitch recording. This time point is referred to as immediately
before contraction (IBC).

Fatigue.  To induce fatigue in the right quadriceps muscle group, subjects
sustained an isometric contraction at a 30% MVC intensity for 3 minutes. Both visual
(computer monitor display) and verbal (experimenter) feedback was used to monitor
torque output during the exercise period. A single arterial and femoral venous blood
sample was drawn during the contraction (DC) at the 2-minute time point. Upon
completion of the sustained contraction, subjects were encouraged to attempt an MVC
(MVC2) in order to assess the magnitude of the quadriceps fatigue.

Recovery. As the maximal contraction was released, the blood pressure cuff was
inflated to 80-100 torr to prevent venous admixture throughout the ensuing 15-minute
recovery period. Subjects remained relaxed as simultaneous blood sampling and
stimulation (evoked twitch and M-wave) was performed at the following time intervals:
once every fifteen seconds for three minutes; once every minute over the next two
minutes; and once every five minutes during the final ten minutes of recovery. A tone
preceded each stimulation to ensure the blood sampling was timed simultaneously with the
twitch. The timing and delivery of the tones and twitches were controlled by a Stoelting
Laboratory Controller (Stoelting Laboratory Corp.) interfaced with the computer.

2.3.6 DATA ANALYSES

Blood. All blood samples were drawn into 4.5 ml heparinized syringes

(Monovette Li-Heparin plastic syringe, Sarstedt Inc.,, St. Laurent, Quebec) and
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immediately transferred into microcentrifuge tubes (Fisher Scientific, 1.8 ml, cat. no.
05-664-10, Ottawa, Ontario) positioned in an ice tray. The whole blood tubes were
centrifuged at 12,400 rpm (Fisher Scientific Micro Centrifuge, model #235C) for
separation of plasma, which was subsequently drawn off and stored at -20° until
electrolyte analyses were performed. Plasma samples were measured in duplicate for [K']
and [La] using respectively, an automated Na'/K' analyzer (Radiometer KNA2,
Copenhagen, Denmark) and an automated lactate analyzer (Yellow Springs Instruments
model 23L, Yellow Springs, Ohio).

EMG and Force. A custom-designed computer-based oscillograph and data

acquisition system analysis software program (CODAS, release 4.0, Dataq Instruments,
Inc., Akron Ohio) were used to analyze all of the electrical and mechanical recordings.

The M-wave parameters measured were peak-to-peak amplitude, duration and
area. Analyses of the evoked twitch recordings included peak twitch torque and half
relaxation time measurements. The voluntary torques recorded throughout the fatigue
protocol were normalized relative to the baseline MVC value.

Statistics. Dependant variables were analyzed for treatment effects with a two
factor (drug x time) repeated measures analysis of variance (ANOVA). Significant
differences between the means were determined by a Tukey HSD (Tukey a) post hoc test.
Polynomial regression analyses were carried out to examine the effects of B-blockade and
fatigue on the relationship between plasma [K'] and force. Statistical significance was

accepted at p < 0.05. Unless otherwise stated, all values are reported as means = SEM.
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2.4 RESULTS
2.4.1 PHASE 1. DETERMINING EQUIPOTENCY OF DRUG DOSES
Six subjects experienced equipotent effects on submaximal heart rate attenuation
while receiving 100 mg metoprolol and 80 mg propranolol. In the remaining three
subjects, titration of the propranolol dose to 100 mg in two subjects and 120 mg in one
subject was required to achieve equipotency. During submaximal exercise (70% Vo,_..),
there was no significant difference in heart rate attenuation between the drug trials. The
mean heart rates were reduced by 33 + 3 beats/min and 34 = 3 beats/min after the
metoprolol and propranolol trials, respectively. Individual effects of equipotent doses of

metoprolol and propranolol on submaximal heart rates are summarized in Table 2.

2.4.2 PHASE 2. EFFECT OF -BLOCKADE ON PLASMA [K'],
MUSCLE EXCITABILITY AND FORCE

The focus of these results is to address the differences between control and
f-blockade trials. Although time effects will be reported, drug effects and drug by time
interactions are the primary interests of this investigation. For clarity, the asterisks in the
figures will be used specifically to denote significant differences between the trials.

Plasma Ion Concentrations.

Arterial plasma [La’]. As illustrated in Figure 3, (fop) arterial plasma [La]
increased (p < 0.01) from a baseline of 1.2 + 0.1 mmol/ | (placebo), 1.1 £ 0.2 mmol/l
(metoprolol) and 1.1 + 0.1 mmol/l (propranolol) to a peak value of respectively 5.2 £ 0.5

mmol/l, 5.3 = 0.3 mmol/l and 5.7 + 0.5 mmol/l within 2 min 20 sec post-exercise. From
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that point on, [La’] gradually declined but remained significantly higher than baseline at
the 15 min mark of recovery. There were no between trial differences in measurements of
arterial plasma [La7.

Femoral Venous plasma [La’]. During the contraction, femoral venous plasma
[La7] increased significantly from a baseline value of 1.0 mmol/l (placebo), 0.9 = 0.1
mmol/l (metoprolol) and 1.0 £ 0.1 mmol/l (propranolol) to a concentration of
respectively 2.6 + 0.3 mmol/l, 2.4 + 0.2 mmol/l, and 2.0 £0.3 mmol/l. Peak values of 9.4
+ 0.9 mmol/l (placebo), 9.7 + 0.8 mmol/l (metoprolol) and 9.8 + 1.0 mmol/l (propranolol)
were obtained within 1 min 35 sec of recovery. Femoral venous plasma [La] then
gradually decreased over the remainder of the recovery period, but remained significantly
higher than baseline. As illustrated in Figure 3 (bottom), there was no effect of the
metoprolol or propranolol treatments on femoral venous plasma [La’].

Arterial plasma [K']. At baseline, arterial plasma [K'] was similar for placebo
(4.4 £ 0.1 mmol /1), metoprolol (4.4 £ 0.1 mmol/l) and propranolol (4.3 = 0.1 mmol/l).
Within 35 seconds of recovery from the fatiguing contraction, the [K'] increased (p <
0.01) to peak values of 5.1 £ 0.1 mmol/l (placebo), 5.3 = 0.1 mmol/l (metoprolol) and 5.4
+ 0.1 mmol/l (propranolol), with no significant differences between the trials. However, as
shown in Figure 4 (top), a between trial difference was evident from 35 sec to 4 min
post-exercise; several [K'] values over this period of recovery were significantly higher
following administration of propranolol than following the placebo treatment. Moreover,

the [K'] returned to resting values during the early stages of recovery during the placebo
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and metoprolol trials, whereas the baseline value of arterial plasma [K"] was never fully
restored during the propranolol trial.

Femoral Venous plasma [K']. The baseline femoral venous plasma [K'] was
similar for placebo (4.4 + 0.1 mmol/l), metoprolol (4.4 £ 0.1 mmol/l) and propranolol (4.4
+ 0.2) During the contraction, the [K"] increased (p < 0.01) to values of 5.1 = 0.1 mmol/l
(placebo), 5.3 £ 0.1 (metoprolol) and 5.0 = .01 (propranolol), with no significant
differences among the groups. Peak values of 6.0 + 0.2 mmol/l (placebo) and 6.3 + 0.2
mmol/l (metoprolol and propranolol) were obtained at 5 sec post-exercise, representing
an increase in concentration of 36 % and 43 %, respectively; there were no between trial
differences. Femoral venous plasma [K'] then began to decrease in all three trials, but the
decline occurred much more rapidly during the placebo and metoprolol trials versus the
propranolol trial. As shown in Figure 4 (botfom), this difference was significant at several
time points throughout the initial 2 min 20 sec of recovery.

During the placebo trial, there was a trend for [K'] to drop below baseline
between 3 and 5 min into the recovery period. Although this did not achieve significance
with respect to the baseline measure, it did represent a significant decline (as much as 8.7
%) relative to the 3-blockade trials.

Voluntary and Evoked Force.

Table 3 summarizes baseline values of voluntary torque, evoked twitch torque,

interpolated twitch torque and theoretical motor unit activation.
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Voluntary Torque. Compared with placebo (254.3 + 17.3 Nm), the torque
generated by the baseline MVC was not significantly affected by either metoprolol or
propranolol. Similarly, motor unit activation was the same across all conditions with
values of 81.8 £ 3.6 %, 83.3 £ 3.7 % and 87.1 + 1.6 % calculated for placebo, metoprolol
and propranolol, respectively.

Figure 5 showsythe voluntary torque over the course of fatigue. Torques recorded
throughout 2 min 30 sec of the sustained contraction were similar between all trials and
ranged from 27.5 + 1.2 % to 29.9 £ 0.6 % of the baseline MVC values. However, a
between trial difference was observed in the final sample obtained at 2 min 53 sec into the
contraction. Although the placebo and metoprolol trials remained unchanged, voluntary
torque was significantly reduced during the propranolol trial to 23.7 = 2.8 % of the
corresponding baseline MVC value. This fatigue effect was also seen in the MVC force
following the sustained submaximal contraction (MVC2). Relative to the respective
MVC1 values, a significantly lower torque was achieved during the propranolol trial (48.1
+ 7.3 %) than during the placebo (61.1 £ 3.6 %) and metoprolol (59.3 £ 3.6 %) trials.

Evoked Twitch Torque. Figure 6 (top) illustrates the effect of B-blockade
treatment on the torques generated by the evoked twitch (Pt) throughout the experimental
protocol. At baseline, Pt was slightly higher in the placebo trial (48.9 + 5.0 Nm) than in
the metoprolol (44.8 + 5.0 Nm) and propranolol (44.3 + 5.2 Nm) trials, but the difference
did not attain significance. Immediately before the fatigue protocol began, significant

increases in Pt were observed for the placebo and metoprolol trials (a 13.5 % and a 21.2
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% increase, respectively). At 5 sec post-exercise, Pt was reduced (p < 0.01) for all three
drug trials; notably, the significant difference that was observed between the propranolol
condition versus the placebo and metoprolol conditions just prior to the contraction was
maintained throughout the initial 3 min of the recovery period.

The evoked twitch demonstrated a significant potentiation during the placebo and
metoprolol trials. At 2 min 50 sec post-exercise, Pt was 55.2 + 5.1 Nm (placebo) and
55.2 £ 6.1 Nm (metoprolol), respresenting a 12.9 % and a 23.2 % increase above
baseline, respectively. Although the propranolol trial followed a similar pattern of
recovery, it did not attain a significant potentiation.

Half-relaxation time measurements associated with Pt were not significantly
affected by the drug treatments (Figure 6, botfom). Moreover, there were no significant
changes in this twitch characteristic over the course of the experimental protocol.

Evoked EMG.

Table 4 summarizes the M-wave characteristics that were obtained at baseline.
Evoked M-wave. Figure 7 illustrates the effects of the experimental protocol and
B-blockade on the amplitude (top), duration (middle) and area (bottom) of the M-waves.
The M-wave characteristics were not significantly affected by the drug treatments.
Relative to baseline, the fatigue task did not elicit any significant changes in
M-wave amplitude throughout the early stages of recovery. A significant difference was
observed, however, following 10 min of recovery when the M-wave amplitude decreased

slightly below baseline (a 5.7 % decrease).
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The fatiguing contraction resulted in a significant decrease in M-wave duration at
5 sec post-exercise (a 5.8 % decrease from baseline). Pre-fatigue values were
subsequently restored within 15 seconds of recovery. From that point on, the
measurements remained stable until the 10 min time point, when duration decreased to a
level just below baseline (a 5.8 % decrease).

M-wave area followed a similar pattern to M-wave amplitude, such that there
were no significant differences until the latter stages of recovery, when area decreased
below baseline (a 11.1 % decrease).

Potassium/Force Relationship.

The relationship between femoral venous plasma [K'] and Pt was determined for
each of the trials (Figure 8). A curvilinear relationship was evident in all three groups,
such that the recovery of Pt was significantly related to the recovery of femoral venous
plasma [K"]. The curves providing the best fit for the data points (placebo, r* = .72,
metoprolol, r* = .75; and propranolol, r* = .83) are described by the equations:

Pt =269.18 - 80.2071 K + 7.03 K*  (placebo)

Pt =268.44 - 76.66 K + 6.43 K>  (metoprolol)

Pt =198.40 - 50.83 K+3.90 K* (propranolol)
where Pt = Twitch torque (Nm) and K = venous [K"] (mmol/l).

A downward shift in the curve representing this relationship was observed during
the propranolol trial, such that a lower Pt was associated with the exercise-induced

increases in K” compared to the metoprolol or placebo trials.
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2.5 DISCUSSION

The hypothesis addressed in this study maintains that inhibition of the Na'-K"
pump with B, -blockade may impair exercise performance through its effect on K’
homeostasis and thus muscle excitability. To date, changes in excitability during
-blockade have only been inferred based on measurement of plasma [K']. The
methodology employed in this study permitted assessment of muscle excitability during
exercise-induced hyperkalemia and during f-blockade in order to gain new insight into the
relationship between plasma [K'], muscle excitability and muscular performance.

2.5.1 THE EFFECT OF 3-BLOCKADE ON PLASMA [K']

Increases in plasma [K'] are characteristic of exercise and several studies have
demonstrated significantly higher plasma [K"] under conditions of (3-blockade (Rosa et al.
1980; Linton et al. 1984; Williams et al. 1985; Cleroux et al. 1989). In the present study,
-blockade did not modify the exercise-induced rise in plasma [K']. The discrepancy
between the results of this study and previous work probably relates to differences in the
exercise challenge and the strain imposed on Na'-K” pump exchange in the muscle fibres.
At the intensity of contraction used in this study, the rise in intramuscular pressure was
sufficient to significantly reduce the blood flow through the muscle belly, thereby
preventing clearance of K* from the interstitial space. It has been suggested that the
Na'-K" pump in contracting muscle is not always capable of transporting K* back into the
cell at sufficient rates to maintain constant ionic balance (Clausen et al. 1987; Clausen and

Everts 1988). In this regard, K" efflux from intensely contracting skeletal muscle might
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well have exceeded the maximal capacity of the Na™-K™ pump for K* transport during all
trials in this study. Thus, any treatment effect on the exercise-induced rise in extracellular
[K'] would likely be masked by the effect of mechanical occlusion, resulting in similar
increases in femoral venous plasma [K'] under all conditions.

However, consistent with previous studies (Carlsson et al. 1978; Lundborg et al.
1981; Laustiola et al. 1983; MacDonald et al. 1984), the results of the present work have
shown that B, ,-blockade delays the recovery of plasma [K'] to resting levels. This was
evident in both active as well as inactive tissues as demonstrated by sustained increases in
femoral venous plasma [K'] (indicating insufficient activation of the Na'-K" pump in the
previously active muscle) and arterial plasma [K'] (suggesting inadequate Na'-K" pump
activity in non-contracting fibres).

Conversely, the rapid normalization of arterial and femoral venous plasma [K']
observed following treatment with B,-blockade and placebo indicates that the mechanisms
acting to restore intracellular [K'] and lower extracellular [K'] were intact upon
restoration of circulation during these trials.  Specifically, several studies have
demonstrated that short term control of Na'-K™ pump activity during exercise-induced
disturbances of K" homeostasis is exerted primarily through the adrenergic system, i.e.
epinephrine and sarcolemmal B-adrenoceptors (Todd and Vick 1971; Wang and Clausen
1976; Buur et al. 1982; Flatman and Clausen 1989). Epinephrine levels have been shown
to remain elevated for up to 5 minutes post-exercise (Kjaer 1989), which would keep the

pump stimulated in the early phases of recovery. That the effects of epinephrine are
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elicited specifically via B,-adrenoceptors (Olsson et al. 1978; Brown et al. 1983; Juel
1988b; Clausen and Flatman 1989) is consistent with the results of the present study and

may explain the delayed recovery of K* homeostasis during B-blockade with propranolol.

2.5.2 THE EFFECT OF B-BLOCKADE ON MUSCLE MEMBRANE
EXCITABILITY

The combined effects of exercise-induced increases in extracellular [K'} and the
decline in the intracellular [K'] will produce a significantly lower
intracellular-to-extracellular potassium ratio, and it has been suggested that this may
induce significant changes in muscle membrane potential resulting in impaired excitability
and contractility (Sjegaard et al. 1985; Hnik et al. 1986; Medbo and Sejersted 1990). The
muscle compound action potential (M-wave) has been shown to provide an accurate index
of changes in muscle membrane excitability since it is dependent on both the resting
membrane potential and the amplitude of the single fibre action potential (Hicks et al.
1989). Many studies have therefore employed M-wave measurements to examine how
fatigue affects the excitability of skeletal muscle (Merton 1954; Bigland-Ritchie et al.
1979, Bigland-Ritchie et al. 1982; West et al. 1996).

Recent work conducted in our lab utilized M-wave measurements during an
intermittent voluntary fatigue protocol to investigate whether a failure in muscle
excitability contributes to increased fatigue with B-blockade (Cupido 1994). These
investigators reported that B-blockade did not exert any specific effect on either force or
M-wave characteristics, however, the intermittent nature of the fatigue protocol may have

allowed sufficient blood flow in between contractions to wash out any significant build-up
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of extracellular K*. The present study, therefore, utilized M-wave measurements during a
sustained voluntary fatigue protocol to further investigate the effect of B-blockade on
muscle excitability following exhaustive exercise.

The observation that the M-wave characteristics were not compromised by
B-blockade or by increased extracellular [K'] is an interesting one. Notably, these results
confirm and extend the results of a previous investigation by West et al. (1996). The
fatigue protocol developed by these investigators for their study of changes in force, EMG
and plasma [K'] following voluntarily-induced fatigue was subsequently utilized in the
current work. They also reported a preservation of muscle membrane excitability during
recovery from the fatiguing contraction despite very significant increases in plasma [K].
Taken together, these results support the hypothesis that through increased electrogenic
activity, the Na'-K" pump activity along the sarcolemma can maintain muscle fibre
membrane potentials during muscular activity, and thereby compensate for the rise in
extracellular [K'] (Hicks and McComas 1989).

Although the M-wave measurements obtained in the present study do not indicate
any effect of B-blockade on peripheral muscle excitability following fatigue, other data

from this investigation challenges this position.

2.5.3 THE EFFECT OF 3-BLOCKADE ON THE RELATIONSHIP
BETWEEN PLASMA [K'] AND FORCE

The discovery of a strong relationship between femoral venous plasma [K'] and
evoked twitch torque during recovery in all trials, suggests that muscle contractile

function is indeed being influenced by the rise in extracellular [K"]. This relationship (in
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the control state) was first reported by West and colleagues (1996); the use of
-antagonists in the present study has extended their observation to show that
exercise-induced increases in femoral venous plasma [K'] are associated with a more
attenuated force production following the administration of propranolol versus metoprolol
or placebo.

Taken together, these findings support a growing speculation that the site of
impaired action potential transmission may not be located specifically in the sarcolemmal
part of the muscle membrane (Venosa and Horowicz 1981; Renaud and Light 1992).
Although one is inclined to predict a loss of muscle membrane excitability given that
muscle extracelluar [K'] during exercise is even greater than that of the simultaneously
collected venous effluent (Hnik et al. 1976; Hirche et al. 1980), the well-maintained
M-waves observed in both this study and in the work by West et al. (1996) suggest that
the electrical events at the sarcolemma and thereby, also the K" gradient across the
sarcolemma are not the direct cause of fatigue. Rather, these findings question whether
the inhibiting effects of K™ may be occurring at a site distal to the muscle cell membrane.
It has been reported that the T-tubules reach a critically higher [K'] than at the
sarcolemma due to the increased surface to volume ratio, poor diffusion and the decreased
density of Na'-K™ ATPase in this region (Jones et al. 1979; Venosa and Horowicz 1981).
It follows from this that K'-induced transmission failure of the action potential in the
T-tubule may exist as a general fatigue mechanism (Sjegaard 1990). In this regard, the

greater loss of force following treatment with propranolol during the period of increased
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femoral venous plasma [K'] in this study may be attributed to the effect of B-blockade on
K™ homeostasis in the T-tubules, since there was no evidence of a treatment effect at the
muscle cell membrane. Further exacerbation of the elevated extracellular [K™] in the
T-tubules due to interference with Na'-K" transport activity following B, ,-blockade,
would have likely prolonged the depolarization of muscle fibre membranes, resulting in a
significantly greater reduction in Ca™ release and in subsequent muscular tension
development than during the metoprolol or placebo trials.

Furthermore, impaired excitation of the T-tubular membranes may also explain the
significantly greater attenuation of exercise performance during single limb exercise
following B, ,-blockade treatment versus P -blockade or placebo in the present study.
Since subjects were capable of achieving normal levels of motor unit activation (as
assessed by the interpolated twitch technique), regardless of the treatment, it seems likely
that this fatigue effect was associated with hyperkalemia. Although EMG data was not
collected during the contraction, in view of the preserved M-wave characteristics
immediately following the contraction (at a higher plasma [K'] level than during the
contraction), it is tempting to speculate that alterations in K™ homeostasis in the T-tubular
region may be responsible for the reduced exercise performance following treatment with
non-selective B-blockade.

Alternatively, studies regarding muscle metabolism during exercise have shown a
fairly consistent association between fatigue and an accumulation of lactate, which

simultaneously induces a decrease in pH (Hermansen et al. 1984; Wilkie 1986). However,
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this does not prove that acidosis is a cause of fatigue and indeed, in humans there are
situations in which fatigue appears to be unrelated to lactate accumulation and/or decrease
in pH; this is demonstrated during prolonged exercise at a moderate intensity and in
patients with myophosphorylase deficiency who cannot produce H™ from glycolysis, but
can well experience fatigue (Edwards 1983). In the present study, the similar increases in
lactate during all three trials despite between trial differences in force generating capacity,
supports the notion that pH cannot entirely be responsible for muscle fatigue. Rather, it
seems likely that K fluxes within the T-tubule are of major importance, acting not only as
a fatigue mechanism to explain impaired mechanical function, but as well, as a safety
mechanism protecting the cell against ATP depletion and self-destruction (Edwards
1983).

2.6 SUMMARY

The major significance of this study is that it is the first to report simultaneous
changes in force, EMG, and plasma [K"] during exercise-induced hyperkalemia and during
B-blockade. It has been demonstrated that although B-blockade does not appear to
augment the exercise-induced rise in plasma [K'] that accompanies a sustained isometric
contraction of the quadriceps muscle group, B, ,-blockade delays the normalization of
plasma [K'] during the recovery period. Moreover, muscle membrane excitability seems
to be well maintained in the presence of significant increases in plasma [K']. The latter
findings, together with the more attenuated force production relative to plasma [K']

during recovery with B, ,-blockade compared with B,-blockade or placebo, support the
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conclusion that the inhibitory effect of B, ,-blockade on K™ homeostasis may be occuring in
the T-tubular region. Accordingly, the results of this investigation offer suggestive
evidence that inhibition of B,-adrenergic receptors in skeletal muscle induces significant
changes in T-tubular membrane potential, resulting in impaired excitability and thus

contractility of the muscle fibres.
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TABLE1. SUBJECT CHARACTERISTICS

SUBJECT AGE (yrs) HEIGHT (cm) WEIGHT (kg)

Sl 26 168 72.0
JM 24 173 72.0
JT 21 172 73.0
MS 22 167 93.0
BR 23 185 85.5
MH 20 181 82.0
MB 21 185 80.5
MG 22 166 69.5
sSC 22 178 69.0
Mean 223 175.0 77.4

*SD 1.7 7.1 7.8




TABLE 2. SUBJECT SUBMAXIMAL HEART RATES

SUBJECT TRIAL HR 70% (bpm)
Sl Control 150
100 mg Metoprolol 118
80 mg Propranolol 122
JM Control 144
100 mg Metoprolol 110
80 mg Propranolol 110
JT Control 140
100 mg Metoprolol 108
120 mg Propranolol 112
MS Control 150
100 mg Metoprolol 108
100 mg Propranolol 110
BR Control 128
100 mg Metoproloi 98
80 mg Propranolol 102
MH Control 154
100 mg Metoprolol 116
80 mg Propranolol 112
MB Control 126
100 mg Metoprolol 100
80 mg Propranolol 100
MG Control 168
100 mg Metoproiol 124
100 mg Propranolol 122
SC Control 144
100 mg Metoprolo! 116
80 mg Propranolol 118
Mean * SEM
Control 145+ 4
Metoproiol 1113
Propranolol 112+3

47
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TABLE 3. BASELINE MEASUREMENTS

Trial MvC Pt ITT MUA
(Nm) (Nm) (Nm) (%)

Placebo 2543 £17.3 48.9+5.0 91124 81.8+3.6
Metoprolol 267.1+15.6 448+5.0 7.21+1.2 83.3+37
Propranolol 256.0 £ 10.8 443152 6.1+1.3 87116
MVC Maximum Voluntary Contraction
Pt Evoked Twitch Torque
T interpolated Twitch
MUA Estimated Motor Unit Activation

Values are group means + SEM; n=9



TABLE 4. BASELINE MEASUREMENTS

49

M-Wave
Trial Amplitude Duration Area
(mV) (msec) (mV-s)
Placebo 202+11 3732141 0.17 £ 0.01
Metoprolol 21.2+15 384+1.0 0.18£0.01
Propranolol 222118 37.8+13 0.18 £ 0.01

Values are group means £+ SEM; n=9



FIGURE 1.

FIGURE 2.

FIGURE 3.

FIGURE 4.

FIGURE 5.

FIGURE LEGENDS

Top: Leg apparatus with restraining straps used in protocol.
Bottom: Electrode placements, pressure cuff position and femoral catheter
site.

Schematic diagram of the pre-fatigue, fatigue and recovery protocol.

* Blood sample (arterial and venous)

2 Evoked twitch and M-wave

MVC1 Maximum voluntary contraction prior to the fatigue protocol
MVC2 Maximum voluntary contraction at the end of the fatigue protocol
BL  Baseline

IBC Immediately before contraction

DC  During contraction

Top: The effect of placebo (0), metoprolol (V) and propranolol (@)on
arterial plasma lactate concentration at baseline (BL), immediately
before contraction (IBC), during fatigue (DC) and over 15 min of
recovery.

* indicates mean is significantly different (p < 0.05) from control and
metoprolol trials. Values are group means + SEM; n=9
Bottom: Venous plasma lactate concentration. Details as above.

The effect of placebo (0), metoprolol(V)and propranolol (@)on

arterial (fop) and venous (botfom) plasma potassium concentration at
baseline (BL), immediately before contraction (IBC), during fatigue (DC)
and over 15 min of recovery.

* (top) indicates mean is significantly different (p < 0.05) from control
trial.

* (bottom) indicates mean is significantly different (p < 0.05) from
control and metoprolol trials.

Values are group means + SEM; n=9.

The effect of placebo (o), metoprolol (V) and propranolol (1) on
voluntary torque during the sustained isometric quadriceps contraction
and the following maximum voluntary contraction. Significant difference
from control and metoprolol trials indicated by * (p < 0.05). Values are
group means = SEM; n=9.
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FIGURE 6.

FIGURE 7.

FIGURE 8.
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Evoked twitch torque (fop) and half-relaxation time (bottom). Details as
in Figure 3 except DC measurement was not performed.

M-wave amplitude (fop), duration (middle) and area (bottom). Values are
group means + SEM; n=9.

The effect of placebo (@) (fop), metoprolol (V) (middle) and propranolol
(m) (bottom) on the relationship between femoral venous plasma potassium
concentration and twitch torque during recovery. Values are group means;
n=9,
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FIGURE 3.
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FIGURE 4.
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FIGURE 5.
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FIGURE 6.

» Alanooay

(unw) sy
1 ot S v € 4 I €80° O8I 18
{ e L o L J S TN WO TR TN NN TR TS T (N TR N N [ |
] T 01T 1 779 - 1\ .
» Klanodey *

AN

AN

0§
09
0L
08
06
001
oil
oct

S¢

GE

14

]

g9

(sw) aw] uonexejdy jeH

(WN) enbioy yosum]



FIGURE 7. 58

T T )_XT_T_‘ B
| o
}
— 1D
> oy —~ <
b b [V o—
| . [ +] - =
[ M > o o=
> o o E
o :: o — ™ o
o 5 E
B [ ol
- O\
- -
)..
- o
- ¢
Lv - Q
Ly
(@]
- o
—d
— m
LI I B S e | LI St I B e | - T
©O© <t N O o © O N O © O < N O N <t ©
N &N N N v~ v <t < O MO m ™ N -

(Aw) apmijdwy aAem—N {sw) uoneing arem-N (SxAW) ealy SABM—N



Twitch Torque (Nm) Twitch Torque (Nm)

Twitch Torque (Nm)

60
55
50
45
40
35
30

60
55
50
45
40
35
30

60
55
50
45
40
35
30

[ I T U A U N TS Y |

R =72

-
0l

.75

Metoprolol

- Propranolo

d

 Femoral Venous Plasma [K*] (mmol/l)

'8 3UNDI4

69



REFERENCES

Adrian, RH. The effect of internal and external potassium concentration on the
membrane potential of frog muscle. J. Physiol. (London) 208: 631-658, 1956.

Adrian, R H., WK. Chandler and A L. Hodgkin. Voltage clamp experiments in striated
muscle fibres. J. Physiol. (London) 208: 607-644, 1970.

Ashley, G.C. and E.B. Ridgway. On the relationships between membrane potential,
clacium transient and tension in single barnacle muscle fibres. J. Physiol. (London)
209: 105-130, 1970.

Ballanyi, K. and P. Grafe. Changes in intracellular ion activities induced by adrenaline in
human and rat skeletal muscle. Pflugers Arch. 411: 283-288, 1988.

Belanger, A. Y. and A.J. McComas. Extent of motor unit activation during effort. J.
Appl. Physiol. 64. 1084-1093.

Bellemare, F. and N. Garzaniti. Failure of neuromuscular propagation during human
maximal voluntary contraction. J. Appl. Physiol. 64: 1084-1093, 1988.

Bia, M. J. and R. A Defronzo. Extrarenal potassium homeostasis. Am. J. Physiol. 240:
F257-F268, 1981.

Bigland-Ritchie, B. EMG and fatigue of human voluntary and stimulated contractions.
In: Human muscle fatigue: physiological mechanisms, edited by R. Porter and J.
Whelan. London: Pitman Medical, 1981, p. 130-156.

Bigland-Ritchie, B., D.A. Jones and J.J. Woods. Excitation frequencies and muscle
fatigue: electrical responses during human voluntary and stimulated contractions.
Exp. Neurol. 64: 414-427, 1979.

Bigland-Ritchie, B., F. Donovan and C.S. Roussos. Conduction velocity and EMG power
spectrum changes in fatigue of sustained maximal efforts. J. Appl. Physiol. 51:

1300-1305, 1981.

Bigland-Ritchie, B. and J.J. Woods. Changes in muscle contractile properties and neural
control during human muscular fatigue. Muscle and Nerve 7: 691-699, 1984.

60



61

Brown, M.J,, D.C. Brown and M.B. Murphy. Hypokalemia from beta,-receptor
stimulation by circulating epinephrine. N. Engl. J. Med. 309: 1414-1419, 1983.

Buur, T., T. Clausen, E. Homberg, U. Johansson and B. Waldeck. Desensitization by
terbutaline of (-adrenoceptors in the guinea-pig soleus muscle: biochemical
alterations associated with functional changes. Br. J. Pharmacol. 76: 313-317,
1982.

Campbell, D.J. and B. Hille. Kinetics and pharmacological properties of the sodium
channel of frog skeletal muscle. J. Gen. Physiol. 67: 309-323, 1976.

Carlsson, E., E. Fellenius, P. Lundborg and L. Svensson. Beta-adrenoceptor blockers,
plasma potassium, and exercise. Lancet ii: 424-425, 1978.

Clausen, T. Regulation of active Na'-K" transport in skeletal muscle. Physiol. Rev. 3.
542-580, 1986.

Clausen, T. and M. E. Everts. Regulation of the Na,K-pump in skeletal muscle. Kidney
Int. 35: 1-13, 1989.

Clausen, T., Everts, M. E. and K. Kjeldsen. Quantification of the maximum capacity for
active sodium-potassium transport in rat skeletal muscle. J. Physiol. (London) 338:
163-181, 1987.

Clausen, T. and J A. Flatman. The effect of catecholamines on Na-K transport and
membrane potential in rat soleus muscle. J. Physiol. Lond. 270: 383-414, 1977.

Clausen, T. and J. A. Flatman. Beta, -adrenoceptors mediate the stimulating effect of
adrenaline on active electrogenic Na-K transport in rat soleus muscle. Br. J.
Pharmacol. 68: 749-755, 1980.

Cleroux, J., P. vanNguyen, A. W. Taylor and F. H. H. Leenen. Effects of [, vs.
B,+B,-blockade on exercise endurance and muscle metabolism in humans. J. Appl.
Physiol. 66: 548-554, 1989.

Cupido, C. M, A L. Hicks, R. S. McKelvie, D. G. Sale and A. J. McComas. The effect
of beta-blockade on skeletal muscle excitability and fatiguability during exercise. J.
Appl.Physiol. 76: 2461-2466, 1994.

DeLuca, C.J. Myoelectrical manifestations of localized muscular fatigue in humans. Crit.
Rev. Biomed. Eng. 11: 251-279, 1984.



62

Duchateau, J. and K. Hainaut. Electrical and mechanical failures during sustained and
intermittent contractions in humans. J. Appl. Physiol. 58: 942-947, 1985.

D'Silva, JL. The action of adrenaline on serum potassium. J. Physiol. (London) 87
393-398, 1934,

Edwards, RHT. Hypotheses of peripheral and central mechanisms underlying
occupational muscle pain and injury. Eur. J. Appl. Physiol. 57: 275-281, 1988.

Enoka, R. M., N. Trayanova, Y. Laouris, L. Bevan, R. M. Reinking and D. G. Stuart.
Fatigue-related changes in motor unit action potentials of adult cats. Muscle and
Nerve 14: 138-150, 1992.

Enoka, R. M. and D.G. Stuart. Neurobiology of muscle fatigue. J. Appl. Physiol. 72:
1631-1648, 1992.

Evans, R H. and J W. Smith. Mode of action of catecholamines on skeletal muscle. J.
Physiol. Lond. 232: 81P, 1973.

Everts, M.E., K. Retterstol and T. Clausen. Effects of adrenaline on excitation-induced

stimulation of the sodium-potassium pump in rat skeletal muscle. Acta Physiol.
Scand. 134: 189-198, 1988.

Fenn, W.O. Factors affecting the loss of potassium from stimulated muscles. Am. J.
Physiol. 124: 213-229, 1938.

Fink, R., S. Hase, H.C. Luttgau and E. Wettwer. The effect of cellular energy reserves
and internal calcium ions on the potassium conductance in skeletal muscle of the
frog. J. Physiol. (London) 336: 211-228, 1983.

Flatman, JA. and T. Clausen. Combined effects of adrenaline and insulin on active
electrogenic Na'-K" transport in rat soleus muscle. Nature Lond. 281. 580-581,
1979.

Galea, V. and A.J. McComas. Effects of ischaemia on M-wave potentiation in human
biceps brachii muscles. J. Physiol. 438. 212P, 1991.

Giynn, 1. and J.D. Karlish. The sodium pump. Ann. Rev. Physiol. 37: 13-55, 1975.
Gonzales-Serratos, H., A.V. Somlyo, G. McClellan, H. Shuman, L.M. Borrero and A.P.

Somlyo. Composition of vacuoles and sarcoplasmic reticulum in fatigued muscle:
electron probe analysis. Proc. Nat. Acad. Sci. 75: 1329-1333, 1978.



63

Gordon, N.F., JP. vanRensburg, HM.S. Russell et al. Effect of beta, selective
adrenoceptor blockade on physiological response to exercise. Br. Heart J. 54:
96-99, 1985.

Hays, E-T., TM. Dwyer, P. Horowicz and J.G. Swift. Epinephrine action on sodium
fluxes in frog striated muscle. Am. J. Physiol. 227: 1340-1347, 1974.

Hermansen, L., A. Orheim and O.M. Sejersted. Metabolic acidosis and changes in water
and electrolyte balance in relation to fatigue during maximal exercise of short
duration. Int. J. Sports Med. 5. 110-115, 1984.

Hicks, A. Fenton, J., Garner, S. and A. J. McComas. M-wave potentiation during and
after muscle activity. J. App. Physiol. 66: 2606-2610, 1989.

Hicks, A. and A. J. McComas. Increased sodium pump activity following repetitive
stimulation of rat soleus muscles. J. Physiol. 414. 337-349, 1989.

Hille, B. Charges and potentials at the nerve surface. Divalent ions and pH. J. Gen.
Physiol. 51 221-236, 1968.

Hirche, H., E. Schumacher and H. Hagemann. Extracellular K™ concentration and K’
balance of the gastrocnemius muscle of the dog during exercise. Pflugers Arch.
387: 231-237, 1980.

Hnik, P., M. Holas, 1. Krekule, N. Kriz, S. Mejsnar, V. Smiesko, E. Ujec and F. Vyskocil.
Work-induced potassium changes in skeletal muscle and effluent venous blood
assessed by liquid ion exchanger micro-electrodes. Pflugers Arch. 362: 85-94,
1976.

Hnik, P., F. Vyskocil, E. Ujec, R. Vejsada and H. Rehfeldt. Work-induced potassium
loss from skeletal muscles and its physiological implications. In: Biochemistry of
exercise VI. Int. Ser. Sport Sci. vol. 16, edited by B. Saltin. Champaign, IL: Human
Kinetics, 1986, p. 345-364.

Hodgkin, AL. and P. Horowicz. Movements of Na and K in single muscle fibres. J.
Physiol. 145: 405-432, 1959.

Hultman, E., M. Bergstrom, L L. Spriet and K. Soderlund. Energy metabolism and
fatigue. In: Biochemistry of exercise VII. Int. Ser. Sport Sci. vol. 21, edited by
Taylor et al. Champagne, IL: Human Kinetics, 1990, p. 73-92.

Huxley, A F. Muscle structure and theories of contraction. Prog. Biophys. Chem. 7.
255-318, 1957.



64

Ildefonse, M. and O. Rougier. Voltage-clamp analysis of the early current in frog skeletal
muscle fibre using the double sucrose-gap method. J. Physiol. (London) 222:
373-395, 1972.

Jackson, M.J., D.A. Jones and R H.T. Edwards. Excitation frequency and muscle fatigue:

mechanical responses during voluntary and stimulated contractions. FExp. Neurol.
64. 369-374, 1984.

Jones, D.A. Muscle fatigue due to changes beyond the neuromuscular junction. In:
Human muscle fatigue: Physiological mechanisms, edited by R. Porter and J.
Whelan. London: Pitman Medical, 1981, p. 178-196.

Jones, D.A. and B. Bigland-Ritchie. Electrical and contractile changes in muscle fatigue.
VI. Int. Ser. Sport Sci. (Biochemistry of Exercise) 16:372-392, 1986.

Juel, C. Potassium and sodium shifts during in vitro isometric muscle contraction, and the
time course of ion-gradient recovery. Pflugers Arch. 406: 458-463, 1986.

Juel, C. The effect of beta,-adrenoceptor activation on ion-shifts and fatigue in mouse
soleus muscle stimulated in vitro. Acta Physiol. Scand. 134 209-216, 1988a.

Juel, C. Muscle action potential propagation velocity changes during activity. Muscle
and Nerve 11: 714-719, 1988b.

Juel, C., J. Bangsbo, T. Graham and B. Saltin. Lactate and potassium fluxes from human
skeletal muscle after intense, dynamic knee-extensor exercise. Acta Physiol. Scand.
140: 147-159, 1990.

Keys, A. Exchanges between blood plasma and tissue fluid in man. Science. 85:
317-318, 1937.

Kimura, J. Electrical properties of nerve and muscle/Anatomy and physiology of the
neuromuscular junction. In: Electrodiagnosis of Diseases in Nerve and Muscle:
Principles and Practice, edited by J. Kimura. Philadelphia: F.A. Davis Co., 1989,
p. 25-33.

Kjaer, M. Epinephrine and some other hormonal responses to exercise in man: With
specific reference to physical training. Int. J. Sports Med. 10: 2-15, 1989.

Kjeldsen, K., A. Nergaard and T. Clausen. Effect of K-depletion on 3H-oubain binding
and Na-K contents in mammalian muscle. Acta Physiol. Scand. 122: 103-117,
1984.



65

Kjeldsen, K., A. Nergaard and T. Clausen. Effects of ouabain, age and K-depletion on
K-uptake in rat soleus muscle. Pflugers Arch. 404: 365-373, 1985.

Kjeldsen, K., E.A. Richter, H. Galbo, G. Lortie and T. Clausen. Training increases the
concentration of (3H)ouabain-binding sites in rat skeletal muscle. Biochim.
Biophys. Acta 860: 708-712, 1986.

Koester, J. Resting membrane potential and action potential. In: Principles of Neural
Science, edited by ER. Kandel, JH. Schwartz and T.M. Jessell. New York:
Elsevier, 1991, p. 49-56.

Kolb, H-A. Potassium channels in excitable and non-excitable cells. Rev. Physiol.,
Biochem. and Pharmacol. 115: 51-91, 1990.

Kossler, F. G, Kochler, F. Lange and G. Caffier. Changes of the conduction-velocity of
isolated muscles induced by altered external potassium concentration. Acta Biomed.
Biochem. 48: S465-S470, 1989.

Kowalchuk, JM., G.JF. Heigenhauser, M.I. Lindinger, JR. Sutton and N.L. Jones.
Factors influencing hydrogen ion concentration in muscle after intense exercise. J.
Appl.Physiol. 65: 2080-2089, 1988.

Lau, Y.H., AH. Caswell and JP. Brunschwig. Isolation of transverse tubules by
fractionation of triad junctions of skeletal muscle. J. Biol. Chem. 252: 5565-5574,
1977.

Laurell, H. and B. Pernow. Effect of exercise on plasma potassium in man. Acta Physiol.
Scand. 66: 241-242 1966.

Lim, M., RAF. Linton, C.B. Wolff and D.M. Bard. Propranolol, exercise and arterial
plasma potassium. Lancet ii: 591-592, 1981.

Lindinger, M.I. and G.J.F. Heigenhauser. Ion fluxes during tetanic stimulation in isolated
perfused rat hindlimb. Am. J. Physiol. 254 R117-R126, 1988.

Lindinger, M.1. and G.JF. Heigenhauser. The roles of ion fluxes in sleletal muscle
fatigue. Can. J. Physiol. Pharmacol. 69: 246-253, 1991.

Lindinger, M.I. and G. Sjegaard. Potassium regulation during exercise and recovery.
Sports Med. 11(6): 382-401, 1991.



66

Linton, R. A. F., M. Lim, C. B. Wolff, P. Wilmshurst and D. M. Band. Arterial plasma
potassium measured continuously during exercise in man. Clin. Sci. 67: 427-431,
1984.

Lockwood, R H. and B.K.B. Lum. Effects of adrenergic agonists and antagonists on
potassium metabolism. J. Pharmacol. Exp. Ther. 189: 119-129, 1974.

Lockwood, R.H. and B K.B. Lum. Effects of adrenalectomy and adrenergic antagonists
on potassium metabolism. J. Pharmacol. Exp. Ther. 203: 103-111, 1977.

Lum, B.K.B. and R.H. Lockwood. Effects of nicotine and sympathomimetic amines on
potassium intoxication. J. Pharmacol. Exp. Ther. 181: 147-154, 1972.

Lundborg, P., H. Astrom, C. Bengtsson et al. Effect of beta-blockade on exercise
performance and metabolism. Clin. Sci. 61: 229-305, 1981.

McComas, A. J., V. Galea, R. W. Einhorn, A. L. Hicks and S. Kuiack. The role of the
Na', K'-pump in delaying muscle fatigue. In: Neuromuscular Fatigue, edited by
AlJ. Sargeant and D. Kernell, 1993, p. 35-43.

Medbo, J.I. and O.M. Sejersted. Acid-base and electrolyte balance after exhausting
exercise in endurance-trained and sprint-trained subjects. Acta Physiol. Scand.
125: 97-109, 1985.

Medbo, J.I. and O.M. Sejersted. Plasma potassium changes with high intensity exercise.
J. Physiol. (Lond.) 421 105-102, 1990.

Mercer, R W. and P.B. Dunham. Membrane-bound ATP fuels the Na/K pump. J. Gen.
Physiol. 78: 547-568, 1981,

Merton, P.A., D.K. Hill and H.B. Morton. Indirect and direct stimulation of fatigued
human muscle. In: Human muscle fatigue; physiological mechanisms, edited by R.
Porter and J. Whelan. London: Pitman Medical, p. 120-126, 1981.

Milner-Brown, H.S. and R.G. Miller. Muscle membrane excitation and impulse
propagation velocity are reduced during muscle fatigue. Muscle and Nerve 9:
367-374, 1986.

Narahara, H.T., V.G. Vogrin, J.D. Green, R A. Kent and M.K. Gould. Isolation of
plasma membrane vesicles, derived from transverse tubules, by selective
homogenization of subcellular fractions of frog skeletal muscle in isotonic media.
Acta Biochem. Biophys. 552: 247-261, 1979.



67

Nernst, W. On the kinetics of substances in solution. In: Cell Membrane Permeability

and Transport, edited by G.R. Kepner. Stroudsberg, Pa.. Dowden, Hutchinson and
Ross, 1979.

Olsson, AM., S. Persson and R. Shroder. Effects of terbutaline and isoproterenol on
hyperkalemia in nephrectomized rabbits. Scand. J. Urol. Nephrol. 12: 35-38,
1978.

Pearson, S.B., D.C. Banks and J M. Patrick. The effect of f3-adrenoceptor blockade on
factors affecting exercise tolerance in normal man. Br. J. Clin. Pharmacol. 8:
143-148, 1979.

Pettit, GW. and R.L. Vick. An analysis of the contribution the exocrine pancreas to the
kalemotropic actions of catecholamines. J. Pharmacol. Exp. Ther. 190: 234-242,
1974.

Pfleigler, G., I. Szabo and T. Kovacs. The influence of catecholamines on Na, K transport
in slow- and fast-twitch muscles of the rat. Pflugers Arch. 398: 236-240, 1983.

Proverbio, F. and J.F. Hoffman. Membrane compartmentalized ATP and its potential use
by the Na, K-ATPase of human red cell ghosts. J Gen. Phsyiol. 69: 605-632,
1977.

Rogus, E., T. Price and K.L. Zierler. Sodium plus potassium-activated, ouabain-inhibited
adenosine triphosphatase from a fraction of rat skeletal muscle, and lack of insulin
effect onit. J Gen. Phsyiol. 54: 188-202, 1977

Rosa, RM,, P. Silva, JB. Young et al. Adrenergic modulation of extrarenal potassium
disposal. N. Engl. J. Med. 302: 431-434, 1980.

Sahlin, K. and S. Broberg. Release of K' from muscle during prolonged dynamic
exercise. Acta Physiol. Scand. 136: 293-294, 1989.

Saltin, B. G. Sjogaard, F.A. Gaffney and L.B. Rowell. Potassium, lactate, and water

fluxes in human quadriceps muscle during static contractions. Circ. Res. 48(Suppl.
I): 118-I124, 1981.

Saltin, B., G. Sjegaard, S. Strange and C. Juel. Redistribution of potassium in the human
body during muscular exercise; its role to maintain whole body homeostasis. In:
Man in stressful environments; thermal and work physiology, edited by K. Shiraki
and M K. Yousef. Springfield, IL: Charles C. Thomas, 1987.



68

Tibes, U., E. Haberkorn-Butendeich and F. Hammersen. Effect of contraction on

lymphatic, venous, and tissue electrolytes and metabolites in rabbit skeletal muscle.
Pflugers Arch. 368: 195-202, 1977.

Todd, E.P. and R.L. Vick. Kalemotropic effect of epinephrine: analysis with adrenergic
agonists and antagonists. Am. J. Physiol. 220: 1964-1969, 1971.

Vergara, J., F. Bezanilla and B.M. Salzberg. Nile blue florescence signals from cut single
muscle fibres under voltage or clamp conditions. J. Gen. Physiol. 72: 775-800,
1978.

Vincent, HH., F. Boomsma, AJ. Man in't Veld, FHM. Derkx, G.J. Wenting and
M.AD.H. Schalekamp. Effects of selective and nonselective [3-agonists on plasma
potassium and norepinephrine. J. Cardiovasc. Pharmacol. 6: 107-114, 1984.

Vollestad, N.K. and O.M. Sejersted. Biochemical correlates of fatigue. Eur. J. Appl.
Physiol. 57: 336-347, 1988.

Vyskocil, F., P. Hnik, H. Rehfeldt, R. Vejsada and E. Ujec. The measurement of K.
concentration changes in human muscles during volitional contractions. Pflugers
Arch. 399: 235-237, 1983.

Wang, P. and T. Clausen. Treatment of attacks in hyperkalemic familial periodic paralysis
by inhalation of salbutamol. Lancer 1: 221-223, 1976.

West, W.C., A. Hicks, R. McKelvie and J. O'Brien. The relationship between
extracellular potassium concentrations and muscle membrane excitability following a
sustained submaximal isometric quadriceps contraction. Pflugers Arch. (in press),
1996.

Westerblad, H. and J. Lannergren. Force and membrane potential during and after
fatiguing, intermittent tetanic stimulation of single Xenopus muscle fibres. Acta
Physiol. Scand. 128: 369-378, 1986.

Wilkerson, J.E., SM. Horvath, B. Gutin, S. Molnar and F.J. Diaz. Plasma electrolyte
content and concentration during treadmill exercise in humans. J. Appl. Physiol. 53:
1529-1539, 1982.

Williams, M.E., E. Gervino, RM. Rosa, L. Landsberg, J.B. Young, P. Silva and F.H.
Epstein. Catecholamine modulation of rapid potassium shifts during exercise. N.
Engl. J Med. 312: 823-827, 1985.



APPENDIX A:

PRE-SCREENING QUESTIONNAIRE
AND
CONSENT FORM

69



B-BLOCKADE, PLASMA K" CONCENTRATIONS AND
MUSCLE EXCITABILITY

SUBJECT PRE-SCREENING QUESTIONNAIRE

Has your doctor ever told you that you have any type of lung disease?

Have you ever been treated for a lung disorder (e.g.: asthma, bronchitis,
emphysema, EIB, etc.)?

Do you have any allergies?

Do you experience frequent coughing, wheezing or shortness of breath:

a) at rest?

b) during exercise?

¢) while sleeping?

Are you presently taking any type of medication?
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McMASTER UNIVERSITY
Department of Kinesiology

1280 Main Street West, Hamilton, ON L8S 4K1
Telephone: (905) 525-9140
FAX: (905) 523-6011

CONSENT FORM

THE RELATIONSHIP BETWEEN B-BLOCKADE, PLASMA POTASSIUM
CONCENTRATIONS AND MUSCLE EXCITABILITY DURING STATIC EXERCISE

I, , consent to participate in a study directed by Dr. Audrey Hicks and Dr.
Robert McKelvie. The purpose of this study is to determine the effects of p-blockade on skeletal muscle
function and to investigate some of the mechanisms that may contribute to skeletal muscle fatigue during
activity. The results of this study will be made available to the scientific community but participation in this
study will offer no direct benefit to me.

For the purposes of this study, I will have two catheters inserted and I will sustain a submaximal isometric
contraction of my right quadriceps muscles for 3 min. on three different occasions. During each of these tests.
my muscle will be twitched by an electrical stimulation at varying time intervals throughout a 15 minute
recovery period and blood samples will be taken.

1 am aware that several measurements will be taken during each of the exercise tests. Surface electrodes will be
placed over the muscles of my right thigh in order to record their electrical activity. Surface electrodes will also
be used to deliver electrical stimuli to my right femoral nerve. Before the exercise begins, catheters will be
inserted into my right femoral vein and left brachial artery by a physician (Dr. McKelvie) qualified to perform
these procedures. Approximately Scc (1teaspoon) of blood will be taken from each catheter prior to each test, as
a baseline measure, and 16 samples will be taken from each catheter site during the 15 minute recovery period.
Throughout the study, a maximum of 200cc of blood will be drawn, which is less than half of a normal blood
donation.

I am aware that the protocol during each of the exercise tests is as follows: First, catheters will be inserted by
Dr. McKelvie followed by a baseline drawing of blood from both catheters; I will then be strapped into an
isometric leg extension chair and surface electrodes will be placed on my right quadriceps muscles and femoral
nerve; following this, my maximum twitch torque will be determined by manipulating the intensity of the
stimulator and I will then perform 3 maximal voluntary contractions (MVC's) during which an interpolated
twitch will be performed to indicate motor unit activation; I will then sustain 30% of my best MVC for 3
minutes at which time I will perform another MVC to indicate my muscle fatigue; finally, at pre-determined
times during the ensuing recovery period, I will be twitched by the stimulator and the remaining 32 blood
samples will be taken.

1 am aware that I will be asked to take two different active drugs (Propranolol and Metroprolol) and a placebo (a
capsule without active medication) by mouth, on separate occasions. I will take each drug twice a day for a 4
day period, separated by one week. My exercise tests will be done on the fourth day of taking each drug. 1
understand that approximately one month prior to the onset of the study period, I will be asked to perform at
least three maximal exercise tests on a cycle ergometer to determine appropriate doses of the medications that
will be used in the study. The tests will take place after 3 days of one of the drug treatments and each test will
be separated by at least one week.
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During these tests my heart rate will be monitored with surface electrodes that will be placed on my chest. As
well, I will be asked to breathe into a rubber mouth piece. My total time commitment to this study will be
approximately 8 weeks.

I understand that there is a slight risk (less than 1 in 1,000) of a blood clot forming at the catheter sites. Also.
there is a very slight risk of developing a localized infection at the puncture site, but this has never occurred in
similar studies of this kind. There may also be some slight bruising and/or redness around the puncture sites,
but these are temporary and should recover within several days of testing. There may be temporary discomfort
associated with the muscle stimulation, however this procedure has no apparent side effects. The active drugs
that I will be taking will slow my heart rate and will lower my blood pressure. They may also cause me to feel
tired and/or dizzy and to experience stomach and/or bowel upset (¢.g. nausea, diarrhoea), but these feelings are
temporary and will disappear as soon as I stop taking the drugs. I have been assured that the physician (Dr.
McKelvie) will be available to respond to any of the side-effects related to the study

Neither my name nor any reference to me will be used in compiling the results nor in publication in any form
whatsoever.

I understand that I may withdraw from the study at any time without prejudice, even after signing this form.

Name (print) Signature Date

Witness (print) Signature Date

I have explained the nature of the study to the subject and believe that he has understood it.

Name (print) Signature Date
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PLASMA LACTATE CONCENTRATIONS

(mmol/l) BL - Baseline
IBC - Immediately before contraction
DC - During contraction
Sample
BL IBC DC RECOVERY

Subject Trial Art.Ven. 05 :20 35 50 1:06 1:20 1:35 1:50 2:05 2:20 2:35 2:50 3:05 4:00 5:00 10:00 15:00
S| Pacebo  Amera 13 13 11 13 22 28 35 37 38 38 34 36 35 34 30 32 27 26 16 12
Veos 11 16 36 41 44 53 59 65 65 67 68 62 60 59 53 54 43 40 25 17

Metoprool  Ateia 08 1.0 11 13 27 36 45 50 62 53 58 56 55 53 52 50 42. 43 28 20
Veos 09 10 37 83 82 84 83 78 85 82 81 80 80 78 77 74 66 58 36 25

Popranoiol Areist 09 14 12 14 28 34 38 52 51 61 58 57 59 47 58 46 48 41 25 18
Venous 10 10 15 58 74 81 95 99 92 93 B89 94 91 89 86 80 70 54 34 24

M Pacebs  Atsial 08 12 11 14 30 42 47 53 57 58 57 54 60 61 58 52 53 50 33 24
Veous 08 10 11 59 82 81 88 B84 88 B85 84 84 82 82 77 74 58 55 36 23

Metopoiol  Assial 24 25 23 22 20 46 56 57 59 61 65 61 64 59 62 64 58 54 43 43
veous 20 20 21 65 84 83 83 88 85 92 87 91 79 76 77 75 57 53 39 35

bropranciol Atrsl 04 06 07 07 13 38 51 52 53 54 59 54 68 57 56 51 37 34 26 17
Venws 07 07 08 19 34 58 87 86 82 83 84 87 715 71 57 49 37 32 35 27

ST Placebs  Atens 13 16 20 22 34 43 52 55 57 64 62 63 63 63 61 59 54 50 34 23
Venous 11 14 31 66 84 88 99 92 07 93 92 77 78 76 72 63 58 59 38 22

Metoprolol  Aterial 14 18 18 25 39 44 56 67 60 58 53 57 57 56 54 46 46 53 35 25
veous 08 10 29 69 83 94 102 115 100 98 97 87 88 82 82 83 66 60 32 18

Popancol At 09 14 15 17 16 26 37 35 50 52 57 60 59 58 63 61 61 55 46 30
Venus 11 17 14 54 75 83 78 73 78 93 88 91 95 95 97 88 B84 80 62 36
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PLASMA LACTATE CONCENTRATIONS

(mmol/l) BL - Baseline
IBC - Immediately before contraction
DC - During contraction
Sample
BL IBC DC RECOVERY
Subject  Trial Art/Ven. 06 20 35 50 1:056 1:20 1:35 1:50 2:05 2:20 2:35 2:50 3:05 4:00 5:00 10:00 15:00
MS  Pacero  Aterasl 08 13 11 14 38 44 54 60 60 59 76 75 76 74 78 77 72 66 45 32
Venws 1.0 12 33 59 126 135 142 143 148 142 146 134 141 140 129 108 112 109 68 47
Motoprolol  Ameiel 10 12 13 15 25 40 46 52 57 87 67 64 62 76 65 69 63 53 32 22
Venous 11 15 24 82 127 125 122 123 131 1 129 123 122 114 100 66 65 38
Proprancel  Adel | 18 18 24 22 47. 48 48 54 60 66 70 70 69 69 66 50 40
Venos 14 16 28 92 112 123 115 119 117 130 131 120 123 117 117 120 114 110 74 52
BR Phceno  Ateid 11 10 41 00 30 39 43 43 46 44 47 46 48 41 39 42 36 26 19
Veous 09 16 28 59 67 70 70 71 66 70 62 64 58 60 59 59 46 41 27 25
Metoprool  Atsrial | 08 14 11 16 38 42 47 50 52 55 47 41 46 49 47 42 38 32 20 16
Venous 05 08 18 41 60 76 75 72 87 97 93 93 88 76 80 74 66 56 33 23
bopanciol  Adeial 12 12 13 16 25 34 39 41 42 45 42 42 42 43 39 37 31 28 16 13
Venos 11 14 16 59 61 74 81 74 78 64 58 58 54 54 47 44 47 41 23 20
MH  Placebo  Ateral . 1.4 14 13. 17 27 28 32 33 36 34 33 32 27 27 29 21 22 16 15 13
Venws 14 11 22 27 28 39 56 63 69 52 53 47 49 46 39 35 36 32 26 21
Metoprolol  Aterial 0.8 14 4.7 17 24 27 33 37 31 31 .36 34 33 32 29 31 26 25 21 17
Veus 06 07 19 54 63 68 58 59 52 57 56 54 56 51 54 51 41 41 27 15
Propranclol  Aterial 13 13 14 17 22 33 34 32 41 43 40 43 25 14 18 16 12 13 09 07
Vvenos 08 12 20 72 86 84 87 76 80 79 78 65 73 64 66 54 53 45 17 18

GL



PLASMA LACTATE CONCENTRATIONS

(mmol/l)

BL - Baseline
1BC - Immediately before contraction

DC - During contraction

Sample

Subject

Trial

Art./Ven.

DC

RECOVERY
05 20 :35 :50 1:05 1:20 1:35 1:50 2:05 2:20 2:35

2:50

3:05 4:00 5:00 10:00 15:00

MB

Placebo

Metoprolo!

Propranolof

Ade

Antstial

Venous
Adsrial

Venous

Venous

18 20 40 44 45

17 2B 34 39 43 46 48 47 45 .45 45

73 80 92 86 89 94 89 93 90 90 85

.85

70 75
63 74

70 84

50 50 46 49 43

48

59

9.5

43737 40 26 20
76
40

4 81 85 31 23
40 38 33 24 20
61,50 45 30 24

5152 32 18

MG

Placebo

Metoprolol

Propranolol

‘Atterial i
Venous

: Aﬂé{iaj :

Venous

Arterial

Venous

M7 32 38

08 20 34 40 43 51 51 53 45

. 96 97

10.7 109 1041 107 120 118 116 119 111
60 75 99 92 103 107 115 104 113 96 97
14 40 53 57 64 73 70 72 76 75 70
155 150 151 165 153 152 158 158 162 164 167

55

99

41

9.9
6.5
13.5

53

96 83 69 35 27
49 a7 44 30
83 66 54 38 28
42 35 32 22 18
76 73 66 39 28
61 55 49 42 27

104 81 40 44 39

sC

Placebo

Metoprolo!

Propranalol

Arterial
Venous
Arterial
Venous
Asterial

Venous

26 27 38 43 43 47 43 48 46 47 43
61 72 84 94 91 100 92 98 91 95 86
14 25 26 39 40 47 46 48 44 42 39
99 105 114 102 137 106 115 117 91 95 97
22 25 34 42 41 48 41 41 45 48 45
65 67 79 80 90 80 75 74 79 77 77

45:

9.3
35
96
40
6.3

41: 37 32 22 24
87 75 47 32 32
37 33 29 19 24
89 73 42 27 24
443403223 21
69 59 43 27 24
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Plasma [La-]

Mean Values

(mmol/) BL - Baseline
IBC - Immediately before contraction
DC - During contraction
Sample
BL IBC DC RECOVERY
06 20 35 50 1:05 1:20 1:35 1:60 2:05 2:20 2:35 2:50 3:05 4:00 5:00 10:00 15:00
Placebo  Amerial 12 14 14 17 30 37 44 ‘47 49 50 51 51 52 50 49 46 44 40 29 22
venous 10 12 26 61 77 83 89 91 94 90 91 84 85 83 77 71 62 55 36 26
Metoprolol  Atteril 1.4 13 15 17 27 37 45 49 51 51 53 50 50 51 47 47 42 39 27 23
veous 09 11 24 67 82 90 88 96 93 97 95 90 87 84 83 77 66 54 36 26
Propranclol Aerial 11 12 14 16 27 38 43 48 53 55 56 57 56 52 52 50 44 41 30 21
veous 10 12 20 72 83 91 98 96 96 98 95 95 95 91 85 78 70 57 38 30
Plasma [La-] Standard Deviation
(mmol/l) BL - Baseline
IBC - immediately before contraction
DC - During contraction
Sample
BL IBC DC RECOVERY
05 :20 :35 :50 1:05 1:20 1:35 1:50 2:05 2:20 2:35 2:50 3:05 4:00 5:00 10:00 15:00
Placebo  Aderisl 03 03 04 05 04 06 07 08 08 11 13 13 15 14 15 15 14 14 10 08
venous 01 03 08 21 28 26 25 25 25 25 27 25 28 28 25 20 21 21 12 08
Metoprolol Amerial 05 05 04 05 07 07 07 09 08 08 09 10 09 12 11 12 11 11 08 08
venous 04 04 06 17 21 19 18 24 21 22 21 21 19 19 20 17 16 09 11 07
Propranclol Areriasl 03 04 04 04 10 08 07 10 09 10 11 12 15 17 16 16 16 15 13 09
venous 02 03 09 35 31 27 26 24 24 28 29 29 31 32 28 25 22 24 17 10
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Plasma [La-]
{mmol/l)

Standard Error of the Mean

BL - Baseline

iBC - Immediately before contraction

DC - During contraction

Sample

BL

IBC

DC

:06

:20

1:05

RECOVERY
1:20 1:35 1:50 2:05 2:20 2:35 2:50

5:00

10:00 15:00

Placebo Astesial
Venous

Metoprolol Arterial :
Venous

Propranolo) fA't?t'eriaI' B

Venous

S0

0.0
0.2

o

01
0.1

01
01

020

0.1

0.1

a1
03

02

0.2

0.3

02

07
02

06

0z

1.2

02

1.0

0.2
07

0.4
1.1

03
09

08

04

09

03 04 05 05 05
09 08 10 08 10
=03

03 03 03 03 03
08

08

0.7

o4

03

0.4

04

03

02

03

03
02

03

0.4
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PLASMA POTASSIUM CONCENTRATIONS

(mmol/l)

BL - Baseline

IBC - Immediatély before contraction

DC - During contraction

Sample

Subject

Trial

Art./Ven.

BL

IBC

DC

:20

:35

RECOVERY

1:35

1:50 2:05

2:35

2:50

3:05

4:00

§:00 10:00 15:00

Sl

Placebo

Metoprolol

Propranolol

Avterial
Venous

‘Attetial

Venqus
Arterial

Venous

46
44

a7
46
e

4.6

43
42

44

43
47
44

42
52
4'?.5
59

a4

48

48
51
56

54

6.0

46

47

55
53

56 50

5.4

48
M

548

45

4.7

430
Az
48

46

41

46 4
4?4 N
AT

4.8

4.4

42
48
4'3.”
T

4.7

43

42

4.4
44
s

4.7

41
145

46

42

4.1

46
43

44
40

44

‘4;3
A2
46

46

45

46

45
44
45
47
45
47

JM

Placebo

Metoprolol

Propranoiol

Arterial

Venous

Attetial

Venous

Arterial

Venous

40
38
43
48
3.7
5.2

39
4. 1‘
53
47
37

4.8

42

45
50
50
40
49

49

55
48
56
57
6.6

5.1

48
6.1
53

a8

50

43
: 1,4'9.:.

45
a8

5.0

42

42
47
47

5.0

5.1

42

4.‘1

51
46
53
43

40

50

43
43
5.1

42

39

38

e
45
43

44

40
36
51

44

49

4.8

39
3.9

4.4

44
49
49

JT

Placebe

Metoprolol

Propranolol

Arterial

Venous

Arterial

Venous

Arterial

Venous

42
49
4.2
40
45
52

46
5.0
4.0
47
45
5.2

52
57
42
5.1

42

53

5.4
6.3
50
58

58

7.3

53
48
5.1
54
6.5

52

51
46
44
43
6.1
5.2

50

47
4.3
41
59
5.2

47
45
44
4.1
56
53

47
4.4
43
4.1
54
55

45
41
43
40
5.2
53

47
44
39
40
5.1
49

47
44
45
4.0
50
4.5
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PLASMA POTASSIUM CONCENTRATIONS

(mmol/l) BL - Baseline
IBC - Immediately before contraction
DC - During contraction
Sample
BL IBC DC RECOVERY
Subject  Trial Art./Ven. 056 20 35 50 1:056 1:20 1:35 1:50 2:05 2:20 2:35 2:50 3:05 4:00 5:00 10:00 15:00
MS  Phacebo  Ameral 42 50 54 46 54 51 47 44 48 44 48 42 42 43 41 42 41 42 43 45
Venos 48 45 49 57 58 48 44 44 43 41 42 41 40 41 43 39 37 42 44 44
Metoprolol  Arterial 42 50 53 50 54 60 54 54 55 50 51 52 47 49 50 43 47 49 50 50
Venous 40 47 65 70 67 59 50 53 49 46 50 46 48 49 43 49 45 48 47 48
bropranolol Arerial 41 43 43 45 49 53 40 4B 43 46 . 7 45 45 45 43 46 45 42 45
venous 41 39 47 64 54 48 44 41 46 43 43 39 42 39 40 40 37 38 40 40
BR  Phcsbo  Ameal | 44 43 47 50 52 52 4B A8 47 45 43 49 A6 49 44 42 44 45 44 a1
Venous 47 45 53 62 61 53 51 48 44 50 43 48 43 43 46 44 45 43 46 46
Metoprolol Arerial - 47 41 44 47 50 50 53 48 49 48 43 42 46 44 44 44 43 45 45 47
Venous 46 44 51 61 53 51 49 46 46 44 43 47 45 50 47 42 52 52 44 40
propranciol Anerial 48 47 61. 52 53 55 54 53 54 54 51 52 54 54 52 49 50 57 48 49
venous 47 48 55 64 60 56 50 51 55 53 51 53 51 46 48 49 48 42 46 46
MH  Placebs  Ameral A5 49 44 48 48 50 45 45 43 44 46 43 43 42 43 46 41 42 43 45
venous 42 46 49 50 49 44 45 49 47 45 47 43 45 47 42 45 45 47 45 41
Metoprolol  Arterlal 42 46 45 50 52 56 51 50 46 42 48 48 48 47 45 47 45 46 49 48
Venus 38 44 46 55 49 45 46 43 42 46 46 41 48 42 46 47 48 44 45 47
Propranclol Arterial 45 50 44 50 49 51 46 48 45 48 46 47 48 43 48 45 45 50 47 45
venous 42 45 41 63 60 54 57 45 44 46 46 47 43 47 43 42 42 47 41 42
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PLASMA POTASSIUM CONCENTRATIONS
{mmol/) BL - Baseline

IBC - Immediately before contraction

DC - During contraction

Sample

BL 1BC DC RECOVERY

Subject  Trial Art.Ven. 05 20 35 50 1:05 1:20 1:35 1:50 2:05 2:20 2:35 2:50 3:05 4:00 5:00 10:00 15:00

MB  Placebo  Aterml. 41 43 43 45 50 50 49 45 47 46 45 46 45 43 43 42 41 40 42 a4
venous 43 39 48 63 54 53 48 47 47 46 45 44 46 45 42 44 42 43 43 43

Metoprolol  Atterial 49 46 46 52 47 BB 47 49 46 47 45 50 45 44 45 44 47 45 45 46
47 45 52 43 49 43 52 53 44 43 47 50 53
49 44 4B 44 46 45 43 45 45 40 40 43 44

Venous 48

Propranolol :Arterial . 4.2

venous 39 41 51 56 54 50 48 45 45 46 43 44 46 41 46

MG Placebo  Aersl 45 48 47 48 48 49 47 49 48 50 43 42 6 47 45 47
Venos 42 44 52 65 54 47 45 44 42 47 47 45 45 48 48 48 42 48 50 49

Metoprolol Arterial. 41 50 51 54 54 54 50 52 51 48 49 48 48 48 47 46 45 47 50 47
venoss 42 46 47 65 58 54 48 48 45 48 45 48 44 44 47 47 48 48 51 50

propranciol Arterial | 48 50 53 58 59 60 53 52 50 52 52 5051 51 48 43 49 46 50 .50
venous 42 49 51 72 62 64 52 55 48 52 50 47 46 42 43 44 44 48 50 45

SC  Placebo  Amerial - 47 52 52 54 52 54 51 50 50 48 46 48 48 45 42 46 45 48 49 49
venous 46 48 51 66 55 45 42 54 43 50 51 42 42 47 51 48 49 41 45 49

Metprolol  Arterial 4.0 41 44 44 46 44 49 47 49 45 48 42 46 45 42 4T 47 43 40 43
venous 46 48 51 66 55 45 42 54 43 50 51 42 42 47 51 48 49 41 45 49

Propranolol -Arterial 3.6 48 49 48 54 .48 49 45 45 43 48 43 49 51 45 48 48 50 45 49
venous 37 42 53 58 56 54 50 53 47 49 45 49 52 51 45 50 50 46 44 46

18



Plasma [K+]

Mean Values

(mmol/l) BL - Baseline
IBC - immediately before contraction
DC - During contraction
Sample
BL IBC DC RECOVERY
05 20 35 50 1:05 1:20 1:35 1:50 2:05 2:20 2:35 2:50 3:05 4:00 5:00 10:00 15:00
Placebo  Atterial. 44 4B 47 49 51 50 48 48 47 47 45 45 46 44 43 44 43 44 44 45
Venous 44 44 51 60 56 49 47 47 45 46 45 44 43 44 44 A3 42 43 44 44
Metoprolol  Ateral 44 45 47 BA 51 B3 50 S0 50 48 47 46 47 46 46 48 48 45 46 45
Venous 44 46 53 63 56 51 48 48 46 45 46 45 45 46 46 46 46 45 46 46
Propranclol Arerial 43 46 46 49 54 54 52 51 50 49 49 49 49 50 47 46 47 4T 47 47
Venous 44 45 50 63 61 55 52 50 49 49 47 48 48 46 46 46 46 45 45 45
Plasma [K+] Standard Deviation
(mmol/l) BL - Baseline
IBC - Immediately before contraction
DC - During contraction
Sample
BL IBC DC RECOVERY
06 20 35 50 1:056 1:20 135 1:50 2:05 2:20 2:35 2:50 3:05 4:00 5:00 10:00 15:00
Placebo Antériat 02 04 04, 04 02 .02 02 03 03 03 03 03 03 02 02 02 02 063 03 03
‘Venous 03 03 03 05 04 03 03 03 02 03 03 02 02 03 03 03 03 03 04 03
Metoprolol  Arterial 03: 05703 03 .03 05 0302 05 04 02 03 02 02 0303 03 02 04 02
Venous 04 02 06 06 05 04 03 04 03 02 03 03 02 04 04 03 03 04 03 04
Propranolol _Arterial 04 04 04 04 03 05 04 05 06 05 05 04 04 04 03 04 03 03 03 02
Venous 05 04 04 05 06 05 05 05 04 04 03 04 04 04 04 03 04 05 03 03
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Plasma [K+]

{(mmol/l)

Standard Error of the Mean

BL - Baseline

IBC - Immediately before contraction

DC - During contraction

Sample

BL

iBC

DC

:05

120

:35

:50

1:05 1:20

RECOVERY

1:36 1:50 2:05 2:20 2:35 2:50

3:05 4:00 5:00 10:00 15:00

Placebo

Metoprolol

Propranolol

Anériél

Venous

‘Arterial

Venous

Arterial

Venous

04

0.1

S0

0.
04
0.2

0.4
0.1

0.2

0.1

04

0.1

0.1

01

01

0.2

01 -

0.1

0.1
0.2

o4

0.2

01

0.2

0.1

o1

02

01

0.2

01
04
032

0.1
0.2
0.2

BE ¢ W R

0.1

931 :

0.1

oz

0.2

01
o1
o1

0.1

92

0.2

01

0.1

0.1

02

0.1

: ‘0_1 i

01

ot

0.1
0.1

04 ::5:

e

A

0.1

01

0.1

01

0.1

04

0.1

04

0.1

02

0.2

0.1

0.1

01

0.1

01

0.2

01

0.1

01

0.1

:: 01

0.1

01
0.1

L

01
P 0.1
104

0.1

01

0.2

01

0.1

0.1

01

0.1

04
o1
o

01
0.1

01

0.1
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FATIGUE

Sustained Voluntary Contraction

MVC - Maximum Voluntary Contraction

BASELINE

CONTRACTION
Subject _ Trial MVCA (Nm) | Measurement 0 :30 1:00 1:30 2:00 2:30 2:63  2:57 (MVC2)
] Placebo 2057 £
o %mvet 296 295 28.4 28.8 283 29.4 289 70.9
Metoprotol
%MVC1 312 304 300 3041 293 296 30.0 38.0
Propranolol :
%MVC1 327 30.5 30.6 30.0 29.7 29.4 29.1 47.9
M Placebo
%MVC1 284 28.6 28.3 29.2 284 291 281 53.1
Metoprolol : :
BIE ‘ %MVC1 295 29.3 29.2 28.4 275 315 29.0 64.1
Propranolol ”2‘85.4,
%MVC1 30.6 30.0 30.3 28.6 26.3 29.4 29.2 57.0
JT  Ptacebo 12828
%MVC1 30.7 293 288 276 281 28.8 288 §7.2
Metoprolol .208.0
%MVC1 299 268 270 279 289 295 290 62.3
Propranolol 259.4
%MVC1 31.8 299 28.7 30.5 291 30.2 29.9 54.3
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FATIGUE

Sustained Voluntary Contraction

MVC - Maximum Voluntary Contraction

BASELINE

CONTRACTION
Subject  Trial Mvcii'(N’m‘)': Measurement 0 :30 1:00 1:30 2:00 2:30 2:53  2:57 (MVC2)
MS  Placebo : 2795
o wMvet 282 25.2 289 292 287 29.1 288 448
Metoprolol f274.i:.;: g
: - %MVCH 290 302 29.4 29.8 301 299 298 47.1
Propranolol :::'
..... %MVC1 30.1 29.2 29.2 28.8 27.6 28.0 20.3 20.7
BR  Placebo 3263
e %Mvet 286 29.2 293 28.3 27.0 266 26.7 65.0
Metoprolol 3294
. %MVC1 294 303 293 28.6 277 26.9 276 55.0
Propranoiot ' 3007
. » %MVC1 28.7 291 28.7 29.6 29.7 25.0 223 55.3
MH  Placebo 221.0
%MVC1 290 282 286 27.2 29.7 28.6 281 80.6
Metoprolol 266.0:
%MVC1 276 286 285 296 27.0 29.6 275 69.0
Propranolol 2565
%MVC1 28.7 29.5 28.8 28.2 28.4 29.1 29.2 77.2
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FATIGUE

Sustained Voluntary Contraction

MVC - Maximum Voluntary Contraction

 BASELINE

CONTRACTION
Subject  Trial " MVGI (Nm) . Measurement 0 :30 1:00 1:30 2:00 2:30 2:53  2:57 (MVC2)
MB  Placebo 269.:5‘
i %MVC1 296 28.2 205 203 28.1 287 277 60.3
Metoprolol | 2505
o eMvet 274 283 28.6 29.1 207 200 28.0 63.0
Propranolol 18
i %MVCT  27.2 272 27.7 265 238 19.1 6.0 265
MG  Placebo "2_3:{!;.0
%MVCT 285 204 297 203 20.1 205 285 526
Metoprolol 1979
o %MVC1 305 284 28.3 28.0 28.0 28.4 28.9 63.0
Propranolol 2376
o mMvet 298 207 20.3 30.0 286 27.0 16.5 18.9
sC Placebo 178.7‘
®MVC1 207 209 203 30.1 30.7 303 30.1 655
Metoprolol 198.4
v %MVC1 204 28.4 27.9 28.4 28.8 203 206 726
Propranolol 1953
%MVCT 293 208 206 30.3 204 306 30.7 747
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FATIGUE
Sustained Voluntary Contraction

MEAN VALUES

MVC - Maximum Voluntary Contraction

BASELINE

CONTRACTION
S MVCE{Nm) - Measurement 0 :30 1:00 1:30 2:00 2:30 2:53  2:57 (MVC2)
Placebo
MV C1 29.1 28.7 29.0 28.8 28.7 28.9 284 61.1
Metoprolol
oMV C1 29.3 29.0 28.7 28.9 28.6 29.3 28.8 59.3
Propranolof
‘ TeMVC1 29.9 29.4 29.3 29.2 28.1 27.5 23.7 48.1
STANDARD DEVIATION
MVC - Maximum Voluntary Contraction
CONTRACTION
0 :30 1:00 1:30 2:00 2:30 2:53  2:57 (MvC2)
Placebo
MV C1 0.8 1.3 0.5 0.9 1.0 0.9 0.9 10.2
Metoprolot
9eMVC1 1.2 1.1 0.9 0.8 1.0 1.2 0.9 10.3
Propranolol : :30.4
S MV C1 1.6 0.9 0.8 1.2 1.8 3.4 7.9 20.5
STANDARD ERROR OF THE MEAN
MVC - Maximum Voluntary Contraction
- BASELINE CONTRACTION
MVCH Measurement 0 :30 1:00 1:30 2:00 2:30 2:53  2:57 (MVC2)
Placebo 17.3
oMV C1 0.3 0.5 0.2 0.3 0.4 0.3 0.3 3.6
Metoprolol 15.6
MV C1 0.4 0.4 0.3 0.3 0.4 0.4 0.3 3.6
Propranolo! 10.8
JeMV (1 0.6 0.3 0.3 0.4 0.6 1.2 2.8 7.3
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EVOKED TWITCH

Pt - EvokedTwitch Torque (Nm)

HRT - Half Relaxation Time (msec)

Sample

Subject

Trial

Mst.

BL

20

RECOVERY
1:35  1:50 2:05

2:35

2:50

3:05

10:00

15:00

S|

Placebo

Metoproiot

Propranolo}

HRT

P

Pt

HRT

HRT

oe1s
58.3
X

58.4

408
44
408
ae

455

630 640 641
510 510 510
3 421 449 472

612

51.0

1 516
Cs0s st

632

51.0

B2

631
510

531

61.2

517

714

Lgpy
61.2

50.2
51.0

A48

510

427

JM

Placebo

Metoprolof

Propranolol

HRT

o

HRT

HRT

933
53.‘9

100.0

485

178.8

71.4

5 a4

81.6
623
71.4

482

102.0

81.6
481

91.8

06 532 549 558
918 918 918

701 726 730

612 612 714

1122 1020 1122
527 543 564
1020 1122 71.4

71.4

102.0

734

1225

573

71.4

714

597 ‘897

61.2

720

1327

580 .

71.4

618 ,
61.2

733

12255

571
1225

51.0

542

1020
636
1633
511
1633

JT

Placebo

Metoprolol

Propranolol

Pt
HRT

Pt

HRT

Pt

HRT

409
50.0
275
60.0
345
65.0

1338

61.2
318

91.8

242
71.4

- 3715
51.0

30.3:.

112.2
224
81.6

81.6

429 440 457

510 510 510
326 344 344
612 T4 T14
242 261 282
510 612 61.2

714
29.7
61.2

458
612
358
61.2
328
71.4

1463
61.2

353
61.2
342
61.2

457
61.2
350
61.2
35.0
61.2

36.0
51.0
281
51.0
34.4
61.2
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EVOKED TWITCH

Pt - EvokedTwitch Torque (Nm)

HRT - Half Relaxation Time (msec)

Sample
BL IBC RECOVERY

Subject  Trial Mst. :05 :20 ;36 50 1:05 1:20 1:35 1:50 2:05 2:20 2:35 2:50 3:05 4:00 5:00 10:00 15:00
Ms Placebs Pt . 397 418 175 159 154 160 184 204 241 273 315 330 368 399 420 458 471 399 357
WRT 650 612 918 816 714 816 510 612 612 612 714 714 714 816 816 816 816 612 612

Metoprolol Pt 386 415 208 213 197 198 208 241 253 287 314 351 381 417 427 482 480 435 402
WRT 850 816 1020 918 918 918 1020 1020 1020 1020 1020 1020 1122 1122 816 816

Propranlol Bt 349 353 79 {01 120 159 170 220 245 280 326 78 410 360 330

WRT 1083 714 1225 813 6l 918 918 816 918 918 918 918 918 918 816 612 612

BR  Placbo Pt . 546 504 475 502 519 602 610 645 658 634 634 624 612 505 611 512 498
T 583 816 816 1020 1225 714 714 918 816 918 816 816 816 714 816 816 714 5.0 510

Metoprolol # 502 504 475 535 G544 602 633 643 700 684 703 700 684 680 671 650 632 567 528

WRT 650 714 918 1429 1327 1020 1122 1122 1225 1225 1225 1225 1327 1225 1122 1020 714 612 714

Propranolol Pt 413 491 413 441 453 490 531 531 518 552 551 532 539 543 520 533 512 459 440

WRT 1033 816 816 816 816 1122 1225 1225 1327 1327 1327 1327 1327 1327 1327 1225 1020 714 612

MH  Placebo Pt 743 B06 633 738 787 821 841 849 884 841 842 847 855 B854 838 822 808 776 731
WRT 733 918 1837 71.4 918 1020 1122 1122 1122 1020 918 1122 1020 1020 816 918 816 714 714

Metoprolol Pt 772 829 562 666 743 792 B17 845 841 880 879 857 861 890 857 825 807 766 712
WRT 750 714 1122 918 1020 1122 1122 1327 1122 1020 1020 1020 918 1020 918 816 714 612 714

Propranolel Pt 817 862 575 687 750 792 816 841 853 654 886 875 869 865 883 869 834 785 756
WRT 700 714 1020 91.8 1122 1327 1327 1327 1429 1122 1225 1225 1122 1122 1225 918 918 714 612
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EVOKED TWITCH

Pt - EvokedTwitch Torque (Nm)

HRT - Half Relaxation Time (msec)

Sample
BL IBC RECOVERY
Subject  Trial Mst. .06 :20 :35 50 1:056 1:20 1:35 1:50 2:05 2:20 2:35 2:50 3:05 4:.00 5:00 10:00 15:00
MB  Pacebo Pt 448 548 498 524 528 S86 600 627 618 623 608 611 602 601 503 678 554 494 465
WRT 1017 510 714 816 612 714 714 T14 816 714 816 714 816 714 816 816 612 408 510
Mewprool ® 457 567 466 508 540 544 574 579 502 500 507 589 67 579 S0 659 544 528 470
HRT 4 T4 816 816 816 816 918 918 816 86 714 612 510 510
Propranolol Pt 443 266 495 537 541 557 552 561 563 539 536 474 503
HRT A . : 2 612 816 816 816 816 918 816 816 816 510 408
MG Placebo Pt 206 372 169 195 50 284 332 M3 367 376 376 384 384 376 376 331 07 288
HRT 617 612 714 1020 612 Ti4 816 816 918 918 918 918 918 918 918 98 612 510
Metoprotol Pt 208 361 233 258 259 260 208 317 334 346 3/6 358 /7 357 355 333 315 285
WRT 567 510 714 612 510 510 612 612 714 714 T14 816 816 816 816 612 510 510
Propranclol Pt 289 322 68 98 102 128 154 183 199 215 238 253 259 264 268 272 247 B35
HRT 600 714 918 1225 1020 1122 1225 1122 1225 1225 1327 1225 1225 1122 1122 1122 1020 714 714
SC  Placsbo Pt 338 414 346 349 348 352 366 374 397 411 43 45 #0 415 409 389 386 363 343
WRT 667 T14 T14 612 612 612 816 816 816 816 816 918 816 918 8.6 1020 918 612 612
Metoprolol Pt 387 427 425 411 406 399 406 434 447 458 465 466 460 456 453 441 433 407 389
WRT 567 510 1020 1020 714 714 510 510 612 510 612 612 612 612 510 510 612 408 408
Propranclol Pt 361 434 411 390 380 371 386 402 421 429 442 444 445 447 449 424 425 3375 367
WRT 583 510 918 816 816 510 510 510 612 714 714 714 714 T14 714 T14 612 510 408

06



Evoked Twitch Mean Values
Pt - EvokedTwitch Torque (Nm)
HRT - Half Relaxation Time {msec)
Sample
BL IBC RECOVERY
05 :20 35 50 1:06 1:20 1:35 1:50 2:05 2:20 2:35 2:50 3:05 4:00 5:00 10:00 15:00
Placsho Pt - 488 555 401 425 433 454 477 489 520 532 541 542 549 552 550 544 535 483 454
HRT 698 737 884 760 737 748 737 782 771 771 794 805 760 748 782 726 635 612
metoprolol Pt 448 543 308 431 441 456 480 496 513 520 540 546 549 552 650 546 528 494 462
HRT 667 646 2 9 873 896 896 850 816 873 726 703
Propranclol Pt | 443 477 353 363 375 394 413 L 4B3 491 494 497 404 451 434
HRT 828 862 896 895 794 839 884 930 930 896 964 834 816 839 680
Evoked Twitch Standard Deviation
Pt - EvokedTwitch Torque {(Nm)
HRT - Haif Relaxation Time {msec)
Sample
BL IBC RECOVERY
:05 120 :35 :50 105 1:20 1:35 1:50 2:05 2:20 2:35 2:50 3:05 4:00 5:00 10:00 15:00
Placebo Pt 141 130 150 175 185 189 187 185 181 165 157 153 149 143 140 132 138 135 128
HRT 161 284 363 187 230 144 197 180 192 181 153 191 163 160 127 173 155 191 160
Metoprolol Pt 140 158 133 152 176 190 197 193 192 191 187 178 170 172 165 156 146 141 136
HRT 159 180 204 272 263 221 249 260 231 220 216 210 249 254 231 236 474 480 352
Propranolol Pt 147 155 159 476 194 202 204 205 201 200 196. 186 177 173, 172 159 148 144 141
HRT 394 573 158 158 191 275 289 257 315 257 270 265 228 230 250 180 136 575 350
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Evoked Twitch

Standard Error of the Mean

Pt - EvokedTwitch Torque {Nm)
HRT - Half Relaxation Time (msec)

Sample

BL

IBC

RECOVERY

1:35

1:50 2:05 2:20 2:35

4:00 5:00

10:00 15:00

Placebo ; Pt :

HRT

Metoprolol Pt
HRT

Propranotol '

HRT

505

57

50

56

52

13.9

486

100

P N

6.4
55
203

53 55 54 53

84 6.1

7.8 83

6.4

47
8 55

49

5.5 P
52

16.8

52

4.8

45
56
48
124
50

12.4

6



EVOKED M-WAVE

M-Wave Amplitude (mV)

M-Wave Duration {(msec)

M-Wave Area (mV-s)

Sample
BL IBC RECOVERY

Subject Trial Mst, 120 1:35 1:60 2:05 2:20 2:35 2:50 3:05 4:00 5:00 10:00 15:00
Sl Placebo  Amplitude 26.4  27.0 200 28 274 2715 274 267 268 268 264 262 258 251 250
Diitation 306 : 315 303307 318 322 318 32277311 315 311 307 34307 303

Area 017 018 0.18 018 018 018 0417 047 017 017 017 047 016 0.16

Metoprolol ~ Amplitude 209 218 240 223 221 2 4 211 209 209 202 199 197 194
‘Duration 341 356 344 . 362 356341 3560341 337 337 344 34173331 333

Area 015 0.16 017 016 045 015 0145 015 015 014 014 014 013 013

Propranclol Amplitude  19.9  19.4 216 194 194 192 190 187 187 185 185 182 180 182
buration 356 348 206 330 333 307 322 296 296 322206 0337 38 M5 31 38

Area 013 013 014 014 042 012 0.1 011 012 011 041 011 011

JM  Placebo  Amplitude 199 204 190 197 206 202 199 202 202 202 209 199 199 187 190
Diration 369 386 348 386 3 382 380 307 374382 386 374 374 374 363 366

Area 014 045 013 015 015 015 014 014 014 014 014 013 013 012 012

Metoprolol  Amplitude 26.3 27.6 249 251 276 278 271 278 274 274 274 276 248 249 266
Duration  ©30.3 1 374 344 42 371 356 371 378 344 33 344 363 367 356 352

Area 022 023 013 021 022 022 021 021 021 021 021 020 018 019 020

Propranolol Amplitude 26.9 276 271 27.8 283 278 274 276 276 274 274 271 266 264 257
Duration 349 348 333 363 344348 337 326 330 344 333 333 N8 32 327

Area 021 021 022 022 020 020 020 020 020 020 019 019 018 019 019

JT  Placebo  Amplitude 204 188 194 199 194 193 189 199 202 199 197 194 194 187 187
Duration. 349 356 311 359 378 374 367 386 382 386 389 386 386 378 371

Area 017 045 015 017 017 047 016 018 017 047 0417 0417 016 016 0.16

Metoprolol  Amplitude 18.0 185 19.0 192 190 187 185 185 182 182 182 180 178 173 173
Duration 383 419 419 M6 4237 419 401 419 401 412 4081303 389 389 389

Area 017 018 016 019 019 019 018 018 018 048 018 018 017 016 0.16

Propranolol Amplitude 204 206 197 199 214 214 214 216 216 216 216 216 221 216 216
puraion 330 352 322 382 352 352 337 337 352 348 .341 337 322 322 35

Area 017 018 017 020 020 019 019 019 019 018 018 018 018 017 016
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EVOKED M-WAVE

M-Wave Amplitude (mV)

M-Wave Duration (msec)

M-Wave Area (mV-s)

Sample
BL IBC RECOVERY

Isubject Triat Mst. 05 :20 35 50 1:06 1:20 1:35 1:50 2:05 2:20 2:35 2:50 3:05 4:00 5:00 10:00 15:00
MS Placebo  Ampitude 21.8 226 216 221 223 240 242 242 242 242 242 240 242 240 240 238 226 216 216
‘puration - 406 423 423 453 449 446 438 446 438 438 427 427 423 423 4197 404 307371 374

Area 022 023 023 026 025 027 027 027 026 026 026 026 026 025 025 024 022 020 020

Metoprolol Ampitude 175 175 17.8 185 185 185 187 185 182 182 182 185 190 187 185 182 178 166 166
Dutation: 419 446 442 453 461 457 446 434 453 453 434 442 423 434 434 419 419 404 386

Area 016 047 018 019 020 020 019 019 019 018 018 018 018 018 018 017 016 014 014

Propranclol Amplitide 240 223 216 232 237 233 232 229 227 224 221 220 220 221 220 222 219 196 199
buration 428 468 509 513 524 509 505 505 502 491 494 491 498 483 419 449 453  #16  401.

Area 024 024 026 028 028 028 027 027 027 026 026 025 025 025 024 024 023 019 019

BR  Placebo  Amplitude 187 180 163 170 178 187 187 182 178 175 175 175 170 173 173 173 168 170 166
Duration 386 367 356 371 378 371 363 359 371 363 1352 359 359 352 352 352 352 348 362

Area 018 0417 014 016 017 0417 017 016 016 016 015 015 015 045 014 015 014 014 015

Metoprolol Amplitude 161 154 156 156 156 156 158 161 154 154 154 151 151 154 154 154 154 151 151
Duration . 349 348 . 811 333 337 344 341 333 337 344 333 341 337 337 337 330 326 326 337

Area 013 013 011 012 013 013 013 0413 012 012 042 012 012 012 012 012 012 011 012

Propranclol Amplitude 154 151 156 146 149 154 151 146 146 144 146 146 144 146 146 142 144 149 144
uration = 423~ 427 374 41.2° 404 397 404 408 393 401 397 389 393 393 389 404 393 397 408

Area 016 015 014 014 014 014 014 014 014 014 014 013 013 013 013 013 013 013 0413

MH  Placebo  Ampltude 180 182 173 185 187 192 190 187 190 190 187 185 185 180 185 187 185 182 180
buration 368 359 206 359 333 374 371 333 352 322 311 330 326 326 326 318 326 318 322

Area 018 017 0413 0415 015 016 045 015 045 015 015 015 045 015 015 015 015 015 015

Metoprolol  Amplitude 245 238 238 240 245 245 271 252 242 262 264 259 259 262 257 254 254 254 252
buration 413 408 363 374 382 386 382 382 389 386 382 382 386 382 378 382 386 378 386

Area 026 024 021 022 023 024 024 024 024 025 025 024 025 025 024 024 024 024 025

Propranclol Amplitude 331 324 27.4 293 307 312 31.0 314 307 307 310 305 307 307 312 307 307 293 295
Duration ~ 369 356 341 326 341 341 337 344 337 337 333 333 330 322 337 341 341 333 344

Area 025 026 020 022 024 024 024 024 023 024 023 023 023 023 023 023 023 022 023
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EVOKED M-WAVE

M-Wave Amplitude (mV)

M-Wave Duration (msec)

M-Wave Area (mV's)

Sample
BL IBC RECOVERY

Subject  Triat Mst. 05 120 35 :50 1:06 1:20 1:35 1:50 2:06 2:20 2:35 2:50 3:05 4:00 5:00 10:00 15:00
MB  Placebo  Amplitude 238 235 259 247 238 245 242 240 238 235 233 233 230 228 226 223 218 204 209
Duration .. 366 374 344 363 387 359 459 359 350 852 G371 344 344 344 348 348 348 341 337

Area 020 020 019 019 019 019 019 0.19 018 018 018 018 018 018 018 018 017 017 016

Metoprolol Amplitude  28.1 27.8 307 203 286 283 278 281 278 271 253 250 249 253 264 264 253 254 257
buration 356 352 337 330 344 344 344 348 333 3333561348 1352 1337337 348 337 326 348

Area 022 023 021 022 022 022 022 022 022 022 021 021 021 021 021 022 021 021 021

Propranclol Ampiitude 233 230 202 230 218 223 226 223 226 226 223 223 221 221 214 218 216 203 214
‘buration 343 337 318 327 322 330 333 348 344 348 337 330 330 327 337 322 307 35 328

Area 016 016 016 017 017 017 017 017 047 017 017 017 016 016 0.6 015 015 015 015

MG Placsbo  Ampitude 170 180 182 194 192 187 187 187 192 190 187 185 185 182 182 178 175 168 168
‘Duration 307 404 378 389 404 307404 307 401 303 389 307 412 408 419 416 371 389 367

Area 015 016 014 016 016 017 016 016 016 016 015 015 015 015 015 014 013 013 012

Metoprolol  Amplitude 228 230 218 228 233 233 230 230 228 230 228 226 218 218 221 218 218 216 216
Duration’ . 409 419 1307 404 412 404 412 397 404 307 404 404401 404 389 307 382 389 378

Area 020 020 018 020 020 020 020 019 019 019 019 018 018 018 018 017 0417 017 017

Propranclol Amplitude 206 197 187 197 204 214 216 216 218 218 221 223 216 216 202 194 180 185 173
puration 366 371 367 401 378 374 34 382 371 367 374 333 352 344 344 341 330 303 296

Area 017 016 047 018 018 018 018 018 018 018 018 017 0417 0147 047 045 014 012 0N

SC  Placebo  Ampliude 161 166 154 156 161 166 168 166 168 166 163 163 163 161 161 161 151 146 146
Duraion . 409 442 4041 449 457 468 457 464 461 468 446 464 4490 449 442 438 427 A9 427

Area 017 018 015 018 018 019 019 019 018 018 018 018 017 017 017 016 015 014 014

Metoprolol  Amplitude 168 175 166 173 178 180 180 180 180 180 178 175 173 173 173 170 168 166 168
puration 396 374 322 352 3741 371 363 359 367 366 352 352 352 352 341 341 337 341 348

Area 015 016 013 016 016 016 016 0.16 016 015 015 015 014 014 014 014 013 013 013

Propranclol Amplitude 166 16.8 156 161 166 168 168 170 168 168 168 168 166 166 163 163 158 156 158
Duraion 436 449 37.8 434 419 438 434 427 434 427 431 M9 423 427 423 408 M2 408 401

Area 017 047 014 016 017 017 047 0417 017 017 047 016 016 016 016 015 015 015 014
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M-Wave Mean Values M-Wave Amplitude (mV)
M-Wave Duration (msec)
M-Wave Area (mV-s}
Sample
BL IBC RECOVERY

05 20 35 50 1:05 1:20 1:35 1:50 2:05 2:20 2:35 2:50 3:05 4:00 5:00 10:00 15:00
Placeho  Ampiitide 202 203 203 207 208 213 211 210 209 208 205 205 205 204 204 202 197 190 190
Duration - 37.3 381 347 381 383 386 388 382 384 380 375 378 376 377 376 371 385 359 357
Area 017 018 016 018 018 018 018 018 018 0417 017 017 0417 017 017 016 0.16 0415 015
Metoprolol Amplitude 212 214 217 218 222 220 231 220 217 218 215 214 212 212 213 211 206 203 205
puratioh . 384 388 361 380 387 385 383 381 381 378 375 380 371 373 37 369 365 360 362
Area 018 019 017 019 019 019 019 019 019 019 018 018 018 018 018 018 017 016 017
Propranolol Amplitude 222 219 209 217 220 223 2 221 220 219 219 209 217 27 214 213 210 205 204
‘Duration  37.8 384 360 388 385 382 383 1382 378 3747371 365 370 365 369 361 355 347 348
Area 018 019 018 019 019 019 019 019 019 018 018 0148 018 018 018 017 017 016 0.6

M-Wave Standard Deviation M.Wave Amplitude (mV)

M-Wave Duration (msec)

M-Wave Area {(mV-s)
Sample
BL IBC RECOVERY

05 20 35 50 1:06 1:20 1:35 1:50 2:06 2:20 2:35 2:50 3:05 4:00 6:00 10:00 15:00
Placebo  Ampltude 31 32 45 39 36 35 35 34 33 34 34 32 33 33 32 31 31 29 29
Duraion 3.0 36 47 44 46 43 41 4B 41 46 43 44 43 4343 42 34 33 33
Area 002 002 003 003 003 003 003 003 003 003 003 003 003 003 003 003 003 002 002
Metoprolol Ampitude 42 43 46 41 44 42 58 41 41 43 40 40 39 40 41 42 37 39 42
Duration 27 33 45 41 38 .37 . 36 34 388 37 .81 . 33 30 35 34 20 30 .29 24
Area 004 004 003 003 004 003 003 003 003 004 004 004 004 004 004 004 004 004 004
Propranolol Amplitude 51 50 40 46 47 47 48 48 48 47 47 46 48 47 48 48 49 45 45
Duraon 38 47 59 58 58 58 55 55 54 54 58 54 .55 56 49 44 49 43 41
Area 004 004 004 004 004 004 004 004 004 004 004 004 004 004 004 004 004 003 004
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M-Wave

Standard Error of the Mean

M-Wave Amplitude (mV)

M-Wave Duration (msec)

M-Wave Area (mV's)

Sample

BL

IBC

105

20

1:06

1:20

RECOVERY

1:35

1:50

2:20

2:35

2:50

3:05

4:00

5:00

10:00

Placebo Amplitude

Ddr'a'ﬁon i

Area
Metoprolol  Amplitude
Duration

Area

Propranolol  Amplitude
‘Duration

Area

1.1

14

0.01
1.5

10

0.01

18
13

0.01

11

001
15
12

0.01

18

P17

0.01

1.6

16

0.01
1.6

a6

0.01

14
21

0.1

1.4
1.6
0.01
15

Sq4

0.01
1.6

ng

0.02

1.2

1.4:
0.01

20

13

0.01
1.7

0.02

1.2

0.01
15
12

0.01

S oM

002

12
15
0.01
15

3

0.01
A7

18

0.01

1.2

0.01
15

13 B

0.01

A
e

0.01

1.1

15"

0.01
14

g2

0.01

16
1.9 =

0.01

1.2
15
0.01
1.4

A

0.01
17

20

0.01

1.2
15
0.01

1.4

0.01
1.7

20

0,01

1.1

45

0.01
15

120

0.01
17

7

b.01

1.1

15

0.01
15

10
0.01
17
16

0.01

11

0.01
13

0

0.01

17
7

0.01

1.0

A2

0.01
14

10

0.01
16
15

0.01
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APPENDIX C:

ANALYSIS OF VARIANCE TABLES - CHAPTER 11
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The effect of the drug interventions and sustained voluntary

contraction on the arterial plasma [La-]

Filename: La-art
9 subjects

ANALYSIS OF VARIANCE TABLE

2-Way Within Subjects - Randomized Block Design

Source of
Variation

Subjects
Drug (D)
Error
Time (T)
Error

DxT
Error

Sums of
Squares

2635
25
843
1192.4
138.5
87
747

Degrees of
Freedom

16
19
152

Mean
Square

13
53
62.8
0.9
0.2
0.2

F Ratio

0.24

68.89

0.3

p Value

< 0.001

The effect of the drug interventions and sustained voluntary

contraction on the venous plasma [La-]

Filename: La- ven
9 subjects

ANALYSIS OF VARIANCE TABLE

2-Way Within Subjects - Randomized Block Design

Source of
Variation

Subjects
Drug (D)
Error
Time (T)
Error

DxT
Error

Sums of
Squares

13287
239
326.2
4492.4
445.5
226
3533

Degrees of
Freedom

Mean
Square

11.9
204
2364
29
06
1.2

F Ratio

0.59

80.67

051

p Value

<0.001
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The effect of the drug interventions and sustained voluntary

contraction on the arterial plasma [K+]

Filename: K+ art
9 subjects
ANALYSIS OF VARIANCE TABLE

2-Way Within Subjects - Randomized Block Design

Source of Sums of

Variation Squares

Subjects 6.9

Drug (D) 6.4
Error 216

Time (T) 291
Error 136

DxT 32
Error 215

Degrees of
Freedom

16
19
162

304

Mean
Square

0.9
32
14
15
0.1
0.1
0.1

F Ratio

237

17.04

p Value

0.124

< 0.001

0.225

The effect of the drug interventions and sustained voluntary

contraction on the venous plasma [K+]

Filename: K+ ven
9 subjects
ANALYSIS OF VARIANCE TABLE

2-Way Within Subjects - Randomized Block Design

Source of Sums of
Variation Squares
Subjects 9.0
Drug (D) 71
Error 21.0
Time (T) 108.8
Error 19.8
DxT 55

Error 279

Degrees of

Freedom

16
19
152

Mean
Square

11
36
13
57
0.1
0.1
0.1

F Ratio

272

43.85

1.57

p Value

0.095

< 0.001

0.021
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The effect of the drug interventions on the absolute
voluntary torque during the fatigue protocol

Filename: abs3mtor

9 subjects

ANALYSIS OF VARIANCE TABLE

2-Way Within Subjects - Randomized Block Design

Source of Sums of Degrees of Mean

Variation Squares Freedom Square F Ratio p Value

Subjects 337974 8 42247

Drug (D) 2923.8 2 1461.9 3.35 0.059
Error 6985.6 16 436.6

Time (T) 116861.6 7 16694.5 45.40 < 0.001
Error 20602.8 56 367.9

DxT 5750.1 14 410.7 4.06 < 0.001
Error 113243 112 1011

The effect of the drug interventions on the relative
voluntary torque (%MVC1) during the fatigue protocol

Filename: rel3mtor

9 subjects

ANALYSIS OF VARIANCE TABLE

2-Way Within Subjects - Randomized Block Design

Source of Sums of Degrees of Mean

Variation Squares Freedom Square F Ratio p Value

Subjects 700.4 8 87.5

Drug (D) 221.0 2 1105 251 0.111
Error 7031 16 439

Time (T) 18022.6 7 25747 47.15 < 0.001
Error 3058.0 56 546

DxT 853.3 14 61.0 3.30 < 0.001

Error 2068.4 112 18.5
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The effect of the drug interventions and sustained voluntary

contraction on the evoked twitch torque

Filename: twior

9 subjects

ANALYSIS OF VARIANCE TABLE

2-Way Within Subjects - Randomized Block Design

Source of Sums of Degrees of Mean

Variation Squares Freedom Square F Ratio

Subjects 128496.6 8 16062.1

Drug (D) 4689.9 2 23449 541
Error 6938.0 16 433.6

Time (T) 11836.8 18 657.6 1458
Error 6497.0 144 451

DxT 537.1 36 149 1.80
Error 23826 288 8.3

p Value

0.016

< 0.001

0.005

The effect of the drug interventions and sustained voluntary
contraction on the evoked twitch half-relaxation time

Filename: twtor

9 subjects

ANALYS!S OF VARIANCE TABLE

2-Way Within Subjects - Randomized Block Design

Source of Sums of Degrees of Mean

Variation Squares Freedom Square F Ratio

Subjects 132821.1 8

Drug (D) 13516.4 2 6758.2 M
Error 316791 16 1979.9

Time (T) 17958.2 18 997.7 1.34
Error 107004.4 144 7431

DxT 5827.0 36 161.9 0.57

Error 82151.2 288 285.2

p Value

0.057

0.170
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The effect of the drug interventions and sustained voluntary
contraction on the absolute M-wave amplitude

Filename: m-w amp

9 subjects

ANALYSIS OF VARIANCE TABLE

2-Way Within Subjects - Randomized Block Design

.

Source of
Variation

Subjects
Drug (D)
Error
Time (T)
Error

DxT
Error

Sums of
Squares

5097.9
154.4
3402.9
163.3
168.0
197
154.0

Degrees of
Freedom

16
18
144

288

Mean
Square

637.2
772
2127
9.1
1.2
05
05

F Ratio

0.36

7.78

1.02

p Value

0.706

<0.001

0.439

The effect of the drug interventions and sustained voluntary
contraction on the absolute M-wave duration

Filename: m-w dur
9 subjects

ANALYSIS OF VARIANCE TABLE

2-Way Within Subjects - Randomized Block Design

Source of
Variation

Subjects
Drug (D)
Error
Time (T)
Error

DxT
Error

Sums of
Squares

5944.4
213
2751.3
513.0
454.4
62.6
395.9

Degrees of
Freedom

16
18
144

288

Mean
Square

7431
10.6
1720
285
32
1.7
14

F Ratio

0.06

9.03

1.26

p Value

0.931

<0.001

0.152
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The effect of the drug interventions and sustained voluntary

contraction on the absolute M-wave area

Filename: m-w area

9 subjects

ANALYSIS OF VARIANCE TABLE

2-Way Within Subjects - Randomized Block Design

Source of Sums of Degrees of Mean

Variation Squares Freedom Square F Ratio

Subjects 0.343 8 0.043

Drug (D) 0.010 2 0.005 0.28
Error 0.289 16 0.018

Time (T) 0.044 18 0.002 15.01
Error 0.024 144 0.000

DxT 0.001 36 0.000 1.08

Error 0.010 288 0.000

p Value

0.761

< 0.001

0.351
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The effect of placebo and sustained voluntary contraction
on the relationship between venous plasma potassium
concentration and evoked twitch torque

Filename: tor/potpl
CURVILINEAR REGRESSION

Trend R-Squared F (increment) df Probability
Linear 0.655 28.49 1, 15 < 0.001
Quadratic 0.718 3.10 1, 14 0.097

The effect of metoprolo! and sustained voluntary contraction
on the relationship between venous plasma potassium
concentration and evoked twitch torque

Filename: tor/potmet
CURVILINEAR REGRESSION

Trend R-Squared F (increment) df Probabitity
Linear 0.661 29.29 1, 15 < 0.001
Quadratic 0.748 491 1, 14 0.042

The effect of propranolol and sustained voluntary contraction
on the relationship between venous plasma potassium
concentration and evoked twitch torque

Filename: tor/potpro
CURVILINEAR REGRESSION

Trend R-Squared F (increment) df Probabitity

Linear 0.793 57.61 1, 15 < 0.001
Quadratic 0.825 2.49 1, 14 0.134
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