The Circuitry of the
Human Spinal Cord

Spinal and Corticospinal Mechanisms
of Movement

Emmanuel Pierrot-Desellligny
and David Burke




THE CIRCUITRY
OF THE HUMAN
SPINAL CORD

Spinal and Corticospinal
Mechanisms of Movement

Emmanuel Pierrot-Deseilligny

Université Pierre et Marie Curie

David Burke

The University of Sydney

7 CAMBRIDGE

.y UNIVERSITY PRESS




CAMBRIDGE UNIVERSITY PRESS
Cambridge, New York, Melbourne, Madrid, Cape Town,
Singapore, Sao Paulo, Delhi, Mexico City

Cambridge University Press
The Edinburgh Building, Cambridge CB2 8RU, UK

Published in the United States of America by Cambridge University Press, New York

www.cambridge.org
Information on this title: www.cambridge.org/9780521192583

© Emmanuel Pierrot-Deseilligny and David Burke, 2012

This publication is in copyright. Subject to statutory exception

and to the provisions of relevant collective licensing agreements,

no reproduction of any part may take place without

the written permission of Cambridge University Press.

First published 2012

Printed in the United Kingdom at the University Press, Cambridge

A catalogue record for this publication is available from the British Library

ISBN 978-0-521-19258-3 Hardback

Additional resources for this publication at
www.cambridge.org/9780521192583

Cambridge University Press has no responsibility for the persistence or
accuracy of URLs for external or third-party Internet websites referred to in
this publication, and does not guarantee that any content on such
websites is, or will remain, accurate or appropriate.



THE CIRCUITRY OF THE
HUMAN SPINAL CORD: SPINAL
AND CORTICOSPINAL
MECHANISMS OF MOVEMENT

Studies of human movement have proliferated in recent
years. This greatly expanded and thoroughly updated refer-
ence surveys the literature on the corticospinal control of
spinal cord circuits in human subjects, showing how differ-
ent circuits can be studied, their role in normal movement
and how they malfunction in disease states. Chapters are
highly illustrated and consistently organised, reviewing, for
each pathway, the experimental background, methodol-
ogy, organisation and control, role during motor tasks
and changes in patients with central nervous system
lesions. Each chapter concludes with a helpful résumé
that can be used independently of the main text to provide
practical guidance for clinical studies. The final four chap-
ters bring together the changes in transmission in spinal
and corticospinal pathways during movement and how
they contribute to the desired movement. This book is
essential reading for research workers and clinicians
involved in the study, treatment and rehabilitation of

movement disorders.
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Clinical Neurophysiology and Rehabilitation at the
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Preface

This book is the direct descendant of our book entitled
The Circuitry of the Human Spinal Cord: Its Role in
Motor Control and Movement Disorders, published in
2005 by Cambridge University Press. A revised and
updated edition was needed because in 7 years new
and more recent data have changed views about the
role of the spinal cord in the control of limb movement.
This revised edition also takes into account the devel-
opment and rapid uptake of investigations using trans-
cranial stimulation of the motor cortex. Thus, much
more attention has been put on the corticospinal con-
trol of movement and transcortical pathways. Neural
plasticity, whether underlying learning a new skill by
healthy subjects or compensatory mechanisms for the
neural changes associated with ageing or disease, has
also been the subject of many recent investigations that
deserve to be considered.

The book is dedicated to Anders Lundberg (1920-
2009). Anders Lundberg is rightfully seen as the father
of modern spinal cord neurophysiology, on how spinal
circuitry is mobilised by descending commands and
how feedback modifies the command at spinal cord
level. Anders Lundberg was an outstanding leader, an
intense and focused researcher, a tough critic, a good
listener and inspiring mentor. He and his students
provided much of the background data from animal
experiments for the human studies which this book
attempts to summarise. Above all, not only did he
lead the world in the definition of interneuronal mech-
anisms in the spinal cord but he also developed
hypotheses about how these mechanisms would be
used in the intact organism. In later years, having
defined the C3-C4 propriospinal system in the cat, he
undertook behavioural experiments to confirm its role

xvii
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in movement, and it remains the only carefully docu-
mented interneuronal system for which a functional
purpose has been clearly identified. His enthusiasm
and enormous intellect have provided an impetus for
us to show how discoveries from animal experiments
have benefited the human condition, despite the adap-
tations that are necessary to cater for the greater motor
repertoire of human subjects.

In the preface to our previous book, we wrote: Over
recent years, reappraisal of the role of direct cortico-
motoneuronal projections in higher primates including
humans has led to the view that the control of move-
ment resides in the motor cortical centres that drive
spinal motoneurone pools to produce the supraspinally
crafted movement. This view belies the complex inter-
neuronal machinery that resides in the spinal cord. It is
a thesis of this book that the final movement is only
that part of the supraspinally derived programme that
the spinal cord circuitry deems appropriate. This
statement remains, we believe, as true today as it was
in 2005 and it is also a driving motivation behind this
volume. As research interest shifts to the complexities
of the cortical mechanisms in the control of move-
ment, so too has the thrust of this new book shifted
to encompass transcortical reflexes, motor cortex excit-
ability and corticospinal mechanisms in greater detail.
Nevertheless, it is timely to remind the reader that
limb movements can be planned and their programs
initiated by the brain but they cannot be performed
without a spinal cord and they cannot be performed
gracefully without the intricate feedback systems that
reside within it.

As mentioned above, there has been an explosion of
literature on motor control over the past 7 years, much
of it devoted to cortical mechanisms preceding and
associated with movement, and even some that do
not have any direct influence on spinal circuitry.
However, even in the latter instance, the state of the
spinal cord is important when the procedures involved
in testing the cortical circuitry depend on the modula-
tion of a response that is transmitted through spinal
mechanisms. In reviewing the literature for this book,
we have become concerned that so simple a fact has
been so often ignored in publications, even in presti-
gious journals.

However, the justification for a new book ultimately
resides not in restating the obvious but in whether there
is anything new to say, and accordingly it should be
asked, precisely what is new in this book?

e To understand the influence of cortical mechanisms
on the spinal motoneurone pools it is necessary to
understand, first, how segmental mechanisms can
modulate the command signal and, second, the lim-
itations of techniques that can be used in human
subjects to demonstrate appropriate changes.
Accordingly, the structure of the initial chapters in
this new book recapitulates that of the previous
book - but each has been updated to cover new
findings, new techniques and new appreciations of
advantages and disadvantages.

e In anew chapter, the largest in this volume, we focus
more fully on the techniques (and their limitations)
used to study cortical and corticospinal mechanisms
in the control of movement and on the results of such
studies. It thereby provides an overview that integra-
tes spinal and cortical mechanisms so that those who
work at one end of the neuraxis can appreciate the
importance of the other.

e A further major advance over the last decade has
been on the plastic changes in connectivity that
occur with development, senescence, motor learn-
ing, disease and recovery from it. An understanding
of how the nervous system can adapt to changed
circumstances is the key to understanding, on the
one hand, acquired differences in motor skill and, on
the other hand, the compensations, sometimes dys-
functional, that occur when the nervous system is
damaged. Accordingly appropriate data are high-
lighted in chapters focussed on specific circuits,
and there is a new chapter that specifically addresses
the short- and long-standing adaptations of the func-
tion of spinal and corticospinal circuits to altered
demands and pathology.

Organisation of Individual Chapters

We have retained the same format as for the previous
book, with consideration first of the different spinal
pathways for which there are reliable and non-invasive



methods of investigation. Accordingly, after an exten-

sive chapter on Methodology, we consider spinal cir-

cuitry in Chapters 2-10 with, for each circuit:

1. A brief background from animal experiments.
Human investigations are indirect and it is crucial
to know the essential characteristics of each path-
way described in animal experiments with record-
ings from motoneurones and/or interneurones.
Caution should always be taken in extrapolating
from data obtained in ‘reduced preparations’
(anaesthetised, decerebrate or spinalised animals)
to awake intact human subjects, but the validation of
a technique for exploring a given pathway may
require controls only possible in animal experi-
ments, and the results in human subjects are more
credible when there is a close analogy with animal
experiments.

2. A critical description of the available method(s) that
have been used to explore the relevant pathways
selectively. For those who wish to know how meth-
ods and concepts have evolved over the years and
why some interpretations were erroneous even if, at
the time, influential, the methods are described in
detail, with their limits and caveats, and the results
obtained and their interpretation(s) are critically
evaluated in each chapter. Because human studies
are fraught with technical difficulties, much space
has been allotted to methods and potential pitfalls.

3. The organisation and descending control (in partic-
ular corticospinal) of these pathways in human sub-
Jects. The basic organisation of each pathway may
well be the same in humans and cats, but the
strength of the projections of individual spinal path-
ways on different motoneurone pools and their
descending control have been the subject of phylo-
genetic adaptations to different motor repertoires.
For the human lower limb, more elaborate reflex
assistance is required for bipedal stance and gait.
That there has been this phylogenetic adaptation
argues that spinal pathways have a functional role
in human subjects and are not evolutionary relics.

4. The changes in transmission in these pathways dur-
ing various motor tasks. How spinal reflex pathways
are used in motor control cannot be deduced from
experiments on ‘reduced’ animal preparations. It
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requires experiments performed during natural
movements, as can be done in humans. This has
been one major contribution of human studies to
the understanding of motor control physiology.
Thus, even though many of the conclusions are
speculative, this book gives a large place to the
probable functional implications of the described
changes in transmission in spinal pathways during
movement.

5. Changes in transmission in these pathways in
patients with various lesions of the CNS. This has
provided new insights about the pathophysiology
of the movement disorder in these patients.

Overall Organisation of the Book

We have again adopted much the same organisation as
previously.

Methodology. The general methodologies which are
used for investigating pathways are considered in a first
chapter with the advantages and disadvantages of each
technique. There is a risk that starting with a technical
chapter would dissuade the non-specialist reader from
delving further into the book. However, this initial
chapter is useful to understand the rationale, advan-
tages and limitations of the different techniques used to
investigate different pathways, and we consider it
important for those who have no experience with a
particular technique but wish to use it in human sub-
jects. Nevertheless it is not essential for the compre-
hension of subsequent chapters.

Résumés. For those who want to get to the gist of the
matter reasonably quickly each chapter terminates with
a résumé of its salient points. The résumés can be used
on their own without reference to the detailed text.
They give a practical ‘recipe’ on the choice of the
appropriate technique and its proper use in routine
clinical studies, together with data on the possible func-
tional role of the particular pathway in motor control
and in the pathophysiology of movement disorders.

Overviews. The final four chapters summarise and
synthesise the changes in transmission in spinal and
corticospinal pathways during movement, and how
these changes contribute to motor control, and spinal
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mechanisms underlying spasticity and motor impair-
ment in patients with Parkinson’s disease and dystonia.
The physiological and pathophysiological roles of
spinal and corticospinal pathways are presented using
a different approach to that in the previous chapters.
With respect to the previous book, these overviews
have been greatly developed.
A long chapter (Chapter 11) is focussed on purpose-
ful movements and involves:
(i) an overview of the contribution made by the differ-
ent spinal pathways in various kinds of movement,
(ii) an attempt to unravel the relationships between
volitional control, afferent feedback (in particular
through transcortical reflexes), and possible effer-
ence copy,

(iii) a description of the changes in motor cortex excit-
ability and short interval intracortical inhibition
(SICI) during the different phases of various move-
ment, and

(iv) the role of spinal and supraspinal factors in muscle
fatigue.

Chapter 12 considers the contribution of spinal and
transcortical pathways in unperturbed and perturbed
stance and gait.

Plastic changes in spinal and corticospinal circuits
are considered in Chapter 13.

In a brief summary, Chapter 14 collates data in pre-
ceding chapters on spinal mechanisms underlying
spasticity and the motor impairment in patients with
Parkinson'’s disease and dystonia.
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