ADVANGED
NEUROMUSCULAR
EXERCISE
PHYSIOLOGY

-




ADVANCED
NEUROMUSCULAR
EXERCISE
PHYSIOLOGY

ADVANCED EXERCISE it oluuuu\ SERIED

Phillip F. Gar'”g&’hlg"]l 2

University of M

Human Kinetics



Library of Congress Cataloging-in-Publication Data

Gardiner, Phillip F., 1949-
Advanced neuromuscular exercise physiology / Phillip F. Gardiner.
p.;cm. -- (Advanced exercise physiology series)
Includes bibliographical references and index.
ISBN-13: 978-0-7360-7467-4 (hard cover)
ISBN-10: 0-7360-7467-8 (hard cover)
1. Exercise--Physiological aspects. 2. Neurophysiology. 3. Motor neurons.
4. Muscles. 1. Title. II. Series: Advanced exercise physiology series.
[DNLM: 1. Muscle Contraction--physiology. 2. Exercise--physiology. 3. Muscle
Fatigue--physiology. 4. Resistance Training. WE 500]
QP301.G365 2011
612°.044--dc22
2010047297
ISBN-10: 0-7360-7467-8 (print)
ISBN-13: 978-0-7360-7467-4 (print)

Copyright © 2011 by Phillip F. Gardiner

All rights reserved. Except for use in a review, the reproduction or utilization of this work in
any form or by any electronic, mechanical, or other means, now known or hereafter invented,
including xerography, photocopying, and recording, and in any information storage and retrieval
system, is forbidden without the written permission of the publisher.

The Web addresses cited in this text were current as of October 2010, unless otherwise noted.

Acquisitions Editor: Michael S. Bahrke, PhD, and Amy N. Tocco; Developmental Editor: Chris-
tine M. Drews; Assistant Editors: Antoinette Pomata and Brendan Shea; Graphic Artist: Dawn
Sills; Copyeditor: Jocelyn Engman; Indexer: Betty Frizzell; Permission Manager: Dalene Reeder;
Graphic Designer: Joe Buck; Cover Designer: Bob Reuther; Art Manager: Kelly Hendren; Associ-
ate Art Manager: Alan L. Wilborn; Illustrations: ©Human Kinetics; Printer: Sheridan Books

Printed in the United States of America 109 8 7 6 5 4 3 2
The paper in this book is certified under a sustainable forestry program.

Human Kinetics
Web site: www.HumanK inetics.com

United States: Human Kinetics Australia: Human Kinetics

P.O. Box 5076 57A Price Avenue

Champaign, IL 61825-5076 Lower Mitcham, South Australia 5062
800-747-4457 08 8372 0999

e-mail: humank@hkusa.com e-mail: info@hkaustralia.com

Canada: Human Kinetics New Zealand: Human Kinetics

475 Devonshire Road Unit 100 P.O. Box 80

Windsor, ON N8Y 2L5 Torrens Park, South Australia 5062
800-465-7301 (in Canada only) 0800 222 062

e-mail: info@hkcanada.com e-mail: info@hknewzealand.com

Europe: Human Kinetics

107 Bradford Road

Stanningley

Leeds LS28 6AT, United Kingdom
+44 (0) 113 255 5665

e-mail: hk@hkeurope.com
E4477



I dedicate this book to the most important people in my life—
my wife and best friend, Kalan; my sons, Patrick and
Matthew; and my mother and father, Verlie and Charles.



Series Preface

systems and under various conditions is essential for advanced-level exer-

cise physiology students. For example, students should be able to answer
questions such as these: What are the chronic effects of a systematic program of
resistance training on cardiac structure and function, vascular structure and func-
tion, and hemostatic variables? How do different environments influence the ability
to exercise, and what can pushing the body to its environmental limits tell us about
how the body functions during exercise? When muscles are inactive, what happens
to their sensitivity to insulin, and what role do inactive muscles play in the develop-
ment of hyperinsulinemia and type 2 diabetes? These questions and many others are
answered in the books in Human Kinetics’ Advanced Exercise Physiology Series.

Beginning where most introductory exercise physiology textbooks end their discus-
sions, each book in this series describes in detail the effects of exercise on a specific
physiological system or the effects of external conditions on exercise. Armed with
this information, students will be better prepared both to conduct the high-quality
research required for advancing scientific knowledge and to make decisions in real-life
scenarios such as the assement of health and fitness or the formulation of effective
exercise guidelines and prescriptions.

Although many graduate programs and some undergraduate programs in exercise
science and kinesiology offer specific courses on advanced topics in exercise physiol-
ogy, there are few good options for textbooks to support those classes. Some instructors
adopt general advanced physiology textbooks, but such books focus almost entirely
on physiology without emphasizing exercise physiology.

Each book in the Advanced Exercise Physiology Series addresses the effects of
exercise on a certain physiological system (e.g., cardiovascular or neuromuscular)
or in certain contexts (e.g., in various types of environments). These textbooks are
intended primarily for students, but researchers and practitioners will also benefit
from the detailed presentation of the most recent research regarding topics in exercise

physiology.

H aving a detailed knowledge of the effects of exercise on specific physiological
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of this is due to the relatively young age of the field of neuroscience compared

with the study of other physiological systems such as the cardiovascular and
respiratory systems and even the study of muscle physiology. For example, we did
not know the mechanisms involved in the generation of the action potential until the
1940s, and recordings from mammalian neurons did not occur until late into that
decade. The Society for Neuroscience, whose annual meeting attracts more than
30,000 delegates, held its first meeting in 1971, with less than 1,400 delegates attending.
Another important dimension of science that has changed our way of thinking about
neuromuscular exercise physiology is molecular biology. We learned of the structure
of DNA in the 1950s and have been systematically measuring mRNAs as an index
of altered gene expression only since the 1980s. As a consequence, our ideas of how
the nerves and muscles collaborate during acute and chronic exercise have evolved
as our knowledge of the basic function of nervous and muscular systems has allowed
us to understand exercise more thoroughly.

The basis for this text was formed some 30 years ago when, as a professor at the
University of Montreal, I decided to create a graduate course titled Neuromuscular
Aspects of Physical Activity, or, more precisely, Aspects neuromusculaires de I'activité
physique (the course was in French, since Université de Montréal is a francophone
institution). There was no available text on this subject at the time. The course mate-
rial included excerpts from the neuroscience texts that were just becoming available
as well as research articles relating to the effects of training and disuse and the causes
of fatigue in the neuromuscular system. My postdoctoral years at UCLA, spent with
Dr. Reggie Edgerton, had already sensitized me to the idea that physical activity is
not merely an issue of turning entire muscles and muscle groups on and off and that
the nervous system plays an extremely important and complicated role in recruiting
subvolumes of muscle, with various patterns and intensities of recruitment of motor
units of different types and sizes, to correspond to the needs of the task. This was a
major shift in my thinking—my doctoral research at the University of Alberta involved
stimulating entire dog hind-limb muscles to fatigue and determining the biochemical
changes that might explain why force was decreasing. I still look on the 2 years in
Edgerton’s laboratory as a major epiphany in my research life.

The text titled Neuromuscular Aspects of Physical Activity, authored by me and
published by Human Kinetics in 2001, was prepared in order to allow students in
my graduate course to have the material in text format as opposed to the 400+ pages
of photocopied material that the course entailed by 2000. As it turned out, I taught
the course only once using the text; I moved to the University
of Manitoba in 2002. Since that time, my membership and
research in the department of physiology at the Spinal Cord eBoo
Research Center have extended my research horizons signifi-  ayailable at
cantly. In particular, an appreciation for the complexities of HumanKinetics.com

The field of neuromuscular exercise physiology is changing rapidly. A major part
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locomotion and other forms of voluntary movement has become a principal issue in
my research, thanks to regular interaction with my colleagues in the Center, includ-
ing the director David McCrea, Larry Jordan, Brian Schmidt, and Brent Fedirchuk.

This current text constitutes a significant extension of the 2001 text. An appreciable
amount of material (in fact, several chapters) from research areas that have not evolved
since 2001 has been removed. Perhaps more importantly, evidence emanating from
important research advances since 2001 has been added and often highlighted in
several text boxes in each chapter.

I start the text with a chapter on the relationships between motoneurons and the
muscle fibers they innervate and the idea of motor unit types in order to demonstrate
how the properties of each cell type seem to be matched appropriately. I also make
reference to late adaptation as a phenomenon that might limit the excitability of
motoneurons during prolonged exercise and bistability as a phenomenon by which
the generation of self-sustaining currents might function to counteract this loss of
excitability during exercise by supercharging motoneurons. This is followed by chapter
2, in which recruitment of different motor unit types during various types and intensi-
ties of movement is discussed. Here I describe the difficulties inherent in determining
recruitment patterns during complex forms of exercise as well as the knowledge we
have gained from well-controlled experiments. In this chapter I consider the possibili-
ties that individuals might be able to rotate the recruitment of motor units to offset
fatigue and that all individuals may or may not be actually capable of recruiting all
of their motor units maximally during an all-out voluntary effort.

In chapter 3, muscle alone is the target. Here I present an overview of two issues that
are currently of considerable interest in the research literature: the control of muscle
blood flow and the metabolic pathways involved in control of metabolism, including
AMP-activated protein kinase (AMPK), glucose sensitivity of muscle, and fatty acid
transport into muscle. Special consideration is given to discussing what happens in
type 2 diabetes, in which inactivity and obesity result in disruptions in glucose and
fatty acid uptake and in fatty acid by-product accumulation in muscle. The effects of
increased physical activity on these processes, including muscle blood flow, which is
itself affected by type 2 diabetes, are discussed.

Fatigue is the topic of chapters 4 and S. In chapter 4, I discuss the sites believed to
be involved in the fatigue process that are more peripheral, such as the muscle fiber
itself, the neuromuscular junction, and the motoneuron axon, with specific reference
to the experimental evidence for their roles in fatigue. Chapter 5 is concerned with the
currently available evidence that central fatigue, or physiological changes occurring
at sites in the spinal cord level and above, contributes to decreased performance as
exercise continues. Information in these two chapters suggests that there are many
physiological processes that change during exercise and that no one site can be tar-
geted as the single site of fatigue.

In chapters 6 and 7, the subject is aerobic endurance training. In chapter 6, I
consider how endurance training changes the protein profiles of muscle fibers. Since
whole-body endurance exercise is so complex, with different fibers in the same
muscles being exposed to various degrees of relative overload, the use of the biopsy
technique is problematic with respect to a mechanistic interpretation of results. For
this reason, the literature on the effects of chronic electrical stimulation on muscle
protein synthesis and degradation is referred to extensively. I consider the mechanisms
and the metabolic signals involved in the changes in fiber phenotype that accompany
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aerobic endurance training. Chapter 7 is devoted to the changes that occur in the
nervous system in response to aerobic endurance training. In this chapter, most of the
information is gleaned from the literature on actual increases in voluntary activity as
opposed to chronic electrical stimulation. Of particular interest in this chapter is the
applicability of the research information to the exercise rehabilitation of individuals
with compromised nervous system function, such as spinal cord injury, other trauma,
and neuromuscular disease.

The last three chapters are concerned with resistance training. Chapter 8§ sum-
marizes the current knowledge regarding the molecular mechanisms that promote
increased muscle mass and associated strength. While aerobic endurance training
signals seem to be primarily metabolic, many resistance training signals have to do
with mechanical perturbations associated with the acute exercise challenge. The
signaling discussed here includes the production of insulin-like growth factor 1 (IGF-
1); activation of the Akt and mTOR pathway; activation of phospholipases A and C
(PLA and PLC); and activation of the kinase systems protein kinase C (PKC), focal
adhesion kinase (FAK), and mitogen-activated protein kinase (MAPK). In chapter 9,
I present the phenotypic responses of muscles to resistance training. This discussion
includes the specific changes that occur with different forms of resistance training,
including isometric, slow isotonic, lengthening, and plyometric types of training.
Finally, chapter 10 constitutes an overview of the effects of resistance training on
the nervous system, with discussion on the strength of each piece of evidence as it is
presented. The clinical implications are obvious and are discussed within that chapter.

I cannot pretend that this book includes every piece of literature relating to the
neuromuscular system and exercise that has ever been published. Indeed, I know
full well that I have omitted many important and elegant pieces of research in each
chapter, and I apologize if it is your work. Much of the information in this text is also
based on opinion—in choosing to present research literature on the effects of chronic
electrical stimulation of muscle as representative of aerobic endurance training, for
example, [ am expressing my opinion that the commonalities are more important than
the differences between these two models of increased muscle activity. I hope that
you appreciate my thought processes as you progress through the text. Please contact
me if you have any thoughts about the material that is included or that is absent and
that you think should be included or any thoughts about my interpretations, which
might not always be correct.
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Muscle Fibers,
Motor Units,
and Motoneurons

n this chapter, we discuss how muscle fibers, motor units, and motoneurons take
Ipart in voluntary movements and how the variability in their properties allows

for variability in these movements. Muscle fibers demonstrate a coordinated set
of biochemical and functional properties that are used to divide them into several
types. The most frequently used nomenclature for distinguishing fiber types classifies
the types according to their myosin heavy chain (MHC) composition, and we use that
nomenclature in this chapter when referring to different muscle fiber types. The motor
unit (muscle unit and its innervating motoneuron) exhibits a set of specific properties
that provides a logical recruitment blueprint for the performance of simple isometric
contractions. This s facilitated by the fact that all muscle fibers in the muscle unit have
the same properties; therefore, heterogeneity at the muscle fiber level is transferred to
the muscle unit, and thus motor unit, level. This recruitment blueprint is known as
the size principle, which dictates that small, more excitable motoneurons are recruited
before large, less excitable ones are recruited. For the motoneuron, properties that
vary systematically among the motor units include rheobase current, input resistance,
afterhyperpolarization duration, and propensity for late adaptation. Motoneurons also
exhibit active properties such as self-sustained firing, which is modulated by several
monoamines and peptides. These properties can acutely increase the excitability of
the motoneuron—and thus the propensity of the motor unit to fire— and modulate
its firing patterns once activated.

MUSCLE HETEROGENEITY

In a book about neuromuscular exercise physiology, an important first step is to discuss
the ways in which contractile units (the motor units) combine to produce voluntary
movements. This chapter assumes that in previous courses, you have learned about
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the basic mechanics of muscle function. You should already know the sliding fila-
ment theory of muscle contraction; the basic structure of skeletal muscles and typical
muscle cells, or fibers; the mechanisms by which action potentials are transduced
into chemical, and then mechanical, events during excitation—contraction coupling;
the twitch, unfused tetanic, and tetanic mechanical responses that take place when
muscles are stimulated; and the events that take place at the neuromuscular junction.
These topics have been covered very well in a variety of texts currently available, and
you should consult these references if questions arise. Assuming that you already
have this knowledge base allows us to delve more deeply into more timely issues sur-
rounding our knowledge of muscle contribution to exercise in a variety of situations.

The gross anatomy of muscles is another factor that plays a major role in the pat-
terns of movement the crossed joints are capable of producing. Factors such as muscle
size and the point of origin and insertion of the muscle relative to the axis of rotation
of the joint affect the strength and speed of movement. Muscles that have a pennate
arrangement of short muscle fibers (meaning that the fibers are arranged at an angle
not completely in line with the angle of force generation between the proximal and
distal attachments of the muscle) are potentially stronger, albeit slightly slower in
shortening speed, than muscles of the same weight in which fibers are fusiform (run the
entire length of the muscle along its line of force generation). This is because fibers in
a pennate muscle are shorter and more numerous. This arrangement allows for more
fibers in parallel for force generation that are slower in shortening distance per unit
time because of their shorter length. Human muscles vary widely in their degree of
pennate arrangement, ranging from the fusiform (e.g., the sartorius) to the highly pen-
nate (e.g., the quadriceps femoris, which is multipennate). This chapter assumes that
you are familiar with the importance of these macrostructural anatomical issues, and
they will be referred to in this chapter, and throughout the text, with this assumption.

Our understanding of how muscles respond during exercise would be greatly simpli-
fied if muscles always contracted isometrically, via a twitch contraction or a maximal
tetanic contraction (which are the types of contractions usually shown in textbooks),
with all fibers responding simultaneously. Alas, they do not. In addition, often during
exercise only some of the fibers in the muscle are used, with the proportion of maximal
force generated among those recruited fibers ranging from low to high (relative to
their maximum), and with contractile forces of individual fibers not synchronized,
such that voluntary contractions are a combination of twitch, semifused tetanic, and
tetanic contractions, all occurring out of synchrony. With respect to examining what
is occurring in exercising muscles, the interpretation of data using techniques such
as the muscle biopsy, in which samples are taken from the muscle belly to measure
metabolic changes in the working muscle fibers, becomes problematic, especially when
exercise is submaximal in intensity. The force of the recruited fibers also depends on the
velocity at which they are shortening, or lengthening, according to the force—velocity
relationship that you have learned previously. Finally, we know that all muscle fibers
are not the same, which leads us to our currently used terminology of fiber types,
and that there are systematic (as opposed to random or unorganized) ways in which
these fibers are recruited during exercise.

One indication of the importance of muscle heterogeneity in the contractile perfor-
mance of the whole muscle is the relationship between muscle fiber type composition
and contractile performance during voluntary and stimulation-evoked contractions.
Data from the literature describing this relationship are summarized in table 1.1.



